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KINETICS MObULE'l

THE REACTOR $INETI6S EQUATIONS

1.1 .Object of Module

The object of this "module is to:

1) Obtain the Kinetics Equation without feedback

and 2) Solye the kinetics equations numerically for one to six delayed

neu tron groups for_time varying reactivity insertions.

.

The timedependenCe of a modern reactor is really very complicated. The

a

control rod motion is a local perturbation so'the time dependence of the flux

cannot/completely be divorced from the space dependence.° The-fundamental

,

mode kinetics equations do provide a rough idea of what the time behavior of

a reactorwill be. In this module we' will develop the-kinetics equations

and indicate how they can be solved numerically. Feedback effects will b

-introduced in later modules.

The computer
-

de" FUMOKI (FundamentakMode Kinetics) will calculate the

power as a funiction of time for either uranium or pldtonium. Either fuel can

be used with'one to six delayed neutron groups and one of three types of

-reactivity insertions:,

1) a constant reactivity p'0

2Y sinusoidal p(t) = p
o
sin b

2
t

or 3) a ramp 0 p(t) = po(1 + b3t).

, .

The ramp is to simulate the rod withdrawl or insertion reactivity input.

The code- does not compute any parameters so the neutron generation time

tnus.t be provided. Also the user has, the option of studying the effects of
t...*

#
vario us time stepsjn solving the system. The time step can'be surprisingly

large (6.05 sec) ild still' yield goble results in most `cases.

. ?'" 6
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1.2 The Kinetics Equations -

.
..

The time behavior of a reactor is a very important consideration in
(

I

the operation of a nuclear power plant. Also, the safety analysis of a

plant depends'upon a thorough knowledge of the kinetics equations. The

.oll

-'(

many types of reactor designs mecessitates'consideration o- f various

1

,A

The neutroniccOnsideraions of a reactor canndt'be divorced from

I , 1

.associated feedback mechanisms such- as heat transport, fluid flow, mechani-'

reactivity coefficients and dynamic response characteristics.

cal changes etc. _There are many ways to delineate the dynamics probleus

of a power plant but a natural one seems to 1?e to classify problems

according to the,time constants involved.. There are four areas that we

1

can study:.

1), Very slow transients,- fuel depletion with time constants of

1

order of a year or so. We will not consider this as a

dynamics problem at all but rather in the'statiip sections.

)2) Slow ansients - Xenon and ?amarium effects. The time constants

(--

here are of'the order of hip's.

..

3) Normal transients - Changes in fuel and toderator temperature,
mss. )

,
z ,1

void changes, delayed'heutrOn considerations etc. The time

%,, /-

constants here are"'offOrder of a second or so and small

reactivity 'changes are:4d olved..' %
.,,

w
Ak

4)- Fast transients - Control rod dropped in or withdrawn at 1.t

1

?

'maximum rate etc. Reactivity inputs are of 50C and up, The

time constants are of the order of 10
=4
'sec. and serious safety

questions are raised. p -

*0'

4.)
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In addition to these rather general time reference frames, another

important" aspect of the reactor dynamics problem is whether or not the .

core is so large that spatially dependent analysis is necessary. The

tksolution of one or more dimensional kinetics prdSlems necessitates the

use of a relatively large computer. Xenon oscillations are of importance

hete. Also reactivity insertions are usually localized so that hot spots

may develop.

Coupled core kinetics considerations are of interest 'In some types

of reactors with large cores or 'core regions which are loosely coupled.

When the neutron flight times.between,different regiOns of the reactor

are not negligible, then coupled core kinetics may be a useful .tool,

Coupled core kinetics equations

equations with time-lag kernels.

the kinqics equations for each

the regions by neutron leakage from one region to the other.

When a control rod in a reactor is removed, the neutron flux distri-

are generally differential7intftral

Coupled core kinetics involves.writing

region of the reactor and then coupling

butioin is disturbed so that not only the fundamental mode is present but

the higher modes are also present. However, these high6\4armoniCs die

out very rapidly so that while the rod is in motion (in the order of seconds)

the fundamental mode 'is the only important one. Therefore we wilt 'deal

only with the fundamental mode for the space dependence and the kinetics

equations we solve will simply indicate how the amplitude. of this £4da-

mental mode changes with -time. ForAgmple, in a spherical reactor the

flux is

...1,

".

4(r,t) c'f,(t)
r
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and this spatial dependence persists through most transients, and the

kinetics equatiods simply yield the 4)0(t). In a word, the spatial and time

dependence are separable for most, transients.
4

We will derive the kinetics equations using one group -diffusion theory

but the same equation's are obtained 'from multi-group or transport theory.
.,

The thermal neutron diffusion equation is

4

D V2 ¢ - Ea + S = 21
v at

Thec'source is composed of three terms, i.e.

S = Sp '+ SD + Se
t

where S
p

= prompt neutron source,
a

S
D

= delayed' neutron source,

and S
ext

= a source of neutrons entered externally,as from a
4

Plutonium-lierylliUm source.

(1.2.1)

'Not-all neutrons are emitted immediately from the fission process.'

T4 prompt neutrons are emitted within 10
-10

sec. of the fission process

itself but there are other neutrons called delayed neutrons. They arise

from the beta decay of some of the fission fragments. As an example,

Kr-93 is a assion fragment which has a half ,life of 1.22 sec. This beia-

decays to Rb-93, but it is formed in such a highly excited state that a

neutron is emitted following the beta decay and the reaction is thus,
.

93Kr 0 93
Rb 00' 92. + 1

1.22 sec. Rh
o
n

.

-107
10

sec.

There are some 30 of these neutron preculsors.(
93
Kr) which produce neutrons

9

(
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rfiropgh beta decay.

Since the half-lives of many of, these precursqrs are ver4,cloqe to

each other, it is necessary only to consider six delayed neutron precursor

gropps which areaverages of the 30 or so precursors, appropriately

weighted. The delayed neutron pfecursors we talk about are thus fictitious

in that they do not actually exist, but are averages of the actual.

precursors. Table 1.5.1 ,(section 5). indicates the groups of delayed

1 neutrons obtained from-these six precursors for neutron induced fission
o

1=

4n uranium and plutonium:-
4 ' l i 4

l

\ _'j
The fracrionof neutrons which are delayed is called B. For

235
U,.

.

' a = 0.0064 and the toral delayed neutrC4raction'isthe sum of thet 1

individual ones, i.e.,

6

a = 2:
1=1

Returning now ,to the diffusion equation, we can,set

S
p

= (1-0. vif 4)(r t)
41.

-6

7 2: A c (1, t)

i=1

(1.2.3)

where C
im

(r, t) is the precursbt concentration of group "i", i.e., the

number.of precursors /cm3 existing at point r at timeri:\ Each time a

precursor C
i
decays, it is assumed a'delayed neutron of group "i" results.

So our diffusidh equation liecoMes (Equation 1.2.1)

e: ',

s
..

lIlt
D'V2 rt, - E (I) + (1-$) vEf (1) + E ,A1 Ci (V, t) v 3t

(1.2.6)
a

1=1' .

.

r

10
a

0
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o

Equation(1.2.6)has four independent variables, x, y, z and t, and"

seven dependent variables 4, Cl, c2, ...; C6. In order to solve such a

system of equations, we will havego write six more equations, one for.

eachlof the precut or concentrations. The rate at which the precursor

concentration changes is

a C. (I, t) =
i

vE
f

4(I, t) Al C
i
(t

at

--ik6/
This system of equations is relatively difficult to solve so we shall'

rate of formation rate of decay

i = 1,,2,

(1.2.7)

work analytically with Equation (1.2.6) and (1.2.7) for a while.

Assume that we want to expand the spatial dependence of the flux

. (1)(r, t) and the precursor concentrations C
i

kr, t) in terms of a set of

c eigenfunctions of the Helmholtz equation

02 Yn (1) + Bn
2

Yn (rt ) "0 . (1.2.8)

The reason for doing this is that the solution for the steady state satis
,

same equation witch coefficients which are time independent. In

the time d.z-ndent problems the coefficients are functions of time.. The

i erg functions Y
n
"(0 are Cos B

n
x for a slab reactor, Bessel's

functions for a cylindrical reactor, etc., In' any event, we set

t) = t (1)11 (t) Y
n

(I)

n=0

.4
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We no te that (t)(0

Yn

C:
.4.

(r

J

7

t) = E Ci
n' nn=0

(1.2.10)

will yield thotomplidUaWf the 11-6--1 hatTlynic -.and

its spatial distribution. Substituting these expressions into

Equations

n=0

and

(1.2.6) and (L.2.7) and using Equation (1.2.8) we obtain

$n(t)
Ea(I)n(t) 4- (14) vEf (t) (1)

6`

+ E Ai C
in

(t) Yn E
.
Y .

i=1 n=0.,
v
n=0

n
N.

00

E Yn (-P)
i (

co
n

04 .dC (t)

dt
v=0

E5L:i
ri=0

i, Now using the fact that the Yn (1)

d(1)

11

(t)
kr)

dt

A

vEf cfn (t) Cin

A

form an orthogonal set, the preceding

.(r )

equation is simplified by multiplying it by 11; (;) and integrating over

the reactor volume

and

1

-.yr"

(taking .the inner product) to yield

4.

-(t) ..(DBna + E) (t) + (1.-6)

dt
6E Ai Gin (t),-

ia1

dC
i

(t)

n

dt
i

%)E
f n

Nvw it is necessary to solve these two

coefficients (1) (0 and C (t). This
PL" in

.

4)n ( t) +

A Cin .

- i

T-

equatiOns for the expansiori

-73

A-

.-
(1.2.11)' t

(1.2.12)))

is a very difficult, task so we

I PP....0
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,

some definitions and some approximations.

First we define the multiplicat on k as

.s
) \ n

4 --.^

40

Ef/E
a

. )

k
n

(1.2.13)

1 + B
2
L
2

and the theymal neutron lifetime

1n_
v (1 + B

n

2
.L

2
)

(1.2.14)

The next thing we do is assume'lhatthere are no delayed neutrons (there

are, but assume for the moment we can neglect them). Then Equation (1.2.11)

becomes (if B = 0) ,

On _v E (1 + L2

dt
a

Now using Equation (1.2.14) we have

4)n(t) + v vEf cpn (t).

0 -(0. (t) Ef Eau
n. ' -n -1-, vv E 4) (t)

dt T,
E
au

E
a

a n
,

.

n (t)
2 2

9'

1 + B L
-,

+ v E
a

'k.
n

4)n (04

n 1 4-B
n

2
L
2

=
kn 1

t. 4n (t)
n

The solution of Equation (1.2.15) is obviously

k n-1

9

(t) 4n (o) e
t
n

(1.2.15)-

(1.2.16)
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.

',For -a typical light. water reactor, 2,

p
= 2, = 10 sec. and ko = k = 1.0620..

. - t

.

.

From Equatiqn (42.14) we note. that

tn
=

1 + B
o
2. L2 ,%,

1

1 + B
2 L

n2
n

(
.

0 so that the highei harmonics die out rapidly. We will keep only the

fundamental mode, not only 'in the solution of the no delayed neutron case

b-ut also for the solution, of EqiitiOns (1.2.11) and (1.2.12).-

Returning now to Equvions (1.2.11) and (1.2.12) and omitting the

Qt.

subscript n since we are concerned only with' the fundamental mode, we set

460
. a

4 = v n (t)

where n (t) is the neutron*density (cm 3), aid after a bit of algebra

come up. with 4

dn(t) =, (1-0)

e

v-- v Ea n (t) - v Ea (1 + B2 L2) n (0
3.

+ 2: x..c.(t)
.

adt i=1
.

and '

0

4-
. 4.

d C. (t)

dt

Ef

0
i

v E
a Ea

v n(t) - Ci (t).

6'
. ,

Usin$ the definitions giver in Equations (1.2.13) and (1.2.14) the above

equations become

dn(t)

dt

t,

r.

14

6

i+ 2: x, c (t)+
i

i=i

a



31,

dC (t)

dt Si
n(t) - C (t).

k'is the eeCtiVe multiplication, and the effective neutron lifetime is

ed nbted as R. If we drop th'e tilde on the C Is, then we have

.6
dndt (t)- .0:- 8) k -'1

(t) Ai Ci (t) 4.2.18)
i=1

and

dCi (t) S1 'n(t)
i

ci (1.249) 1

dt

These are, calLed the fundamental mode reactor kinetics equations, in

that spatial and time dependence are assumei'separable.

Sometimes it's convenient to cast these equations into a slightly

different form. The thermal neutron lifetime is'

a 1
(1.2.20)

v
1 + B2 L2

i

4
4.

, i.e., t mean time a neutron spen ds in' th e system from its bir th as a

,

I

thermal neutron until it's absorbed or-leaks out of the reactor. They
I

neutron gereratiop time is defined as-

\ 2 2 .

Ea(1 + B L )

;;-1 In
v E .(1

1+
B2

(1.2.21)
1 b

1 I3, v Ef v vEf
Ia

t.

, .

l.- o .
I

.- la
1.
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The generation time is the an time that it takes one neutron to generate

one more.prompt. neutron or None precursor. The neutron lifetime is thus

the reciprocal of the .destruction rate of neutrons and the generation

time is the reciprocal of the production rite of neutrons. With this

definition and the definition of reactivity p,

_ k-1
P k '

.

the kinetics equations (1.2.18 and 1.2,19) become

(t) p(t)
6

n(t) + E Ci (t)
dt A 4=1

(1.2.22)

(1 .2 .23)

a
d C (t)

=
A

n(t) - Ai Ci (t) (1.2.24)

dt

1

= 1,2,...,6

Equations' (1:2:23) and (1.2.24) are,used to desckibe the time behavior

of a reactor. . This form df the equations results if multigroup diffusion

theory or transport theory is used to derive the, equations but the

definitions ofi, A, p, k are modified. assume they are input

parameters to Ihemilystem of equations.

16

I

a

el
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Problem 1.2.1

Estimate the neutron lifetime and neutron generation time in an

.infintte stack of graphite and U-235 if as 5 x 10-3 b for the graphite

and there are 500 atoms of ,carbon to each atom of II-235: There is no

.....

U-238present. o
a
= 680 b for the U-235 and, take v to be 2200 m/sec.

Problem 1.2.2

Estimate the period of. a reactor if there .are no delayed neutrons
p 4

and if the k = 1.0010 and R = 10-4 sec. The reactor period is the time

it takes for the flux or neutron density to increase.by a factor of e:

Problem 1.2.3

A Xi

Let Yi = Ci (t) -"-- and aR _= 8 /A. Show that the kinetics
i

equations are then

do

dt

, t .

6

aR [n(t) + a

, 1=1

dY4

dt
= 'i [act) - Xi( t).]

.

where p' =p(t)aid

a

al = 13
i

/13

, 17
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1.3 Analytical Solutions of the Reactor Kinetics Equations

0

r The kinetics equations are relatively difficult to sOlve..both

'analytically and numerically due to the large difference in the time constants

in the equations/'as well as due to the fact that there are seven coupled

ordinarydifferential equations if there are six delayed neutron groups.

Equations (1.2.23) and (1.2.24) are repeated here as

do p(t) = g 6

dt A
n(t) + 1: .A C

i=1

dCi(t) S n(t)

dt

iA
- A C° tt) i = 1, 2,..., 6.

(1.3.1)

If we assume that we can take an appropriate average for-the delayed

neutron decay constant, then it is possible to collapse these seven

(1.3.2)

equations ,into, two equations. For one effective,group of delayed neutrons,

Equations 1.3.1) and (1.3.2) reduCe to

/ -Pct) n(t) + A C(i)
al dt A

dCdt

A
(t) h(t) - AC(t) .

(1.3.3)

(1.3.4) I

4,

The decay,constan A for this average delayed neutron precursor C(t) is

4

6
Si1

A 0 A
i=1 i

1 8

(1.3.5)

At.
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This average is not unique and at times it may be .advantageous to use

another expression for the average: rf very small reactivities are added

to the reactor; then instead. of .averaging over all six groups, perhaps

only the longest three would be 'used.

If only one group is desired Equation (1.3.5) is used to determine the

effectiye Xand 0 is simply the sum of the ForFor two groups, we split the

8's into.two groups of three each and

. 3

al = E
Si'

i=1

'and

6

2
= E

Si'
i=4

1 lei 3

Tmii. I
1 1 J=1 Ai

6

1 : 1 1: 8i

A2 62 i =4 Ai

1.1

(1.3.5a)

(1.3.5b)

For three groups, the 8's are split into three groups of twb components each 4%

and for four groups, .the shortest two groups are averaged together as well

as the next shortest,two and the,22 and 55 set. groups are treated separately.

.

We will solve Equations (1.3.3) and (1.3.4) subject to a constant

reactivity insertion pc) at time zero. In order to do this we recast our

equations into a matrix form because of the sfmilarfty to the numerical
A

Al technique (HanSen's method) used in the solution of the equations. In matrix

form, Equatiqns (1.3.3) and (1.3.4) become

dj(t)

(t)

19.

(1.3,6)



with

-- -15 -

(

1.(t) ==

Po A

-
C (t) A

-A

* s

Notice that the A matrix is independent of time if the reactivity is a

mar.

constant. Equation (1.3.6)-can formally be integrated to yield

At.

E (t) = e (0) .

The initial condition vector (0) is

(0) = n(Or

AA

(1.3.7)

a

where we have used Equation (1.3.4) and set the derivative d = 0 for t < 0.

VhenereactiTy is added at time zero, the delayed neutron precursor

concentration C(t) does not change until after some time. It is assumed

that the, reactor has been operating' for a 1ong time at a reactor per

consistent wijig a neutron density n(())%

The formal solution given by Eqdation "(1.3.7) is not much good if the

explicit functional dependence of n(t) and C(t) cannot be Obtained. The

r
reason po explicit functional dependence is achieved from Equation' (1.3.7)

14. 1

isthat matrix A:is not diagonal. This means we really haven't separated

the equations from ,each other. In order to demonstrate hoW,the solution
.

can be obtained, we imitate the technique- used for the solution of an



1.

th
\7. '1 I

t
n-- order differential equation, i.e. Set

t1(0 =, eft v ,

where v is a constant vector-.and m is a scalar independent of time.

Substituting this into Equation (1.3.6) we have

or

wt eat
v . = A emt

/1
(1(3.9)

ty

(1.3.10)

f

Now it is apparent that Equation (1.3.10) is an eigenvalue equation so

I 1414? = 9 (1.3.11)

must be satisfied to determine the eigenvalue mi.' This equation is called

the chaiacteristic equation and in reactor dynamics it is called(the "in-

hour equation"' because it xelates the reactivity.-. inserted into A with

the m which is thereciprocal A ,thetreactor period.

The inhour equation (Equation 1.3.11) for the one group delayed neutron

model is

or

ear

Po

A .

- w,.

det = 0

A m, + (8 - p
o .4-

Am) - po-= 0.:

2.1

(1.3.13)
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Equation (1.3.13) can also be Written a%

p. = +-13m
o , to+A

I

(1.3.14>

If we had Opt all six groups of delayed neutrons, Equation (1.3.11)

:would be a 7 x 7 determinant and Equation (1.3.14) would be enlarged to

6 $4(.1)

p = E
i w0

A to +
i=

-

(1.3.15)

The v of Equation (1,3.10) is-`the eigenvector associated with the

. .

eigenvalue w. 'Now if we perform asimilarity transformation B on A, then

. 6 .

both A and B
-1 A B'have thi same, characteristic equation. Also the fact

the fact -that the trace of 4,' is the;sum of the eigenvalues of the matrix A

. ,

is a useful check on the actual calculation of the eigenvalues of A. FrOm

this last) fact it is apparent that the sum of the two roots w and W2 (the
4. 1.

two eigenvalues) of Equation.(1.3.13)'is.gpen by the relation
.,

Ofl-0
+ A.

1 2 A
=

-
I

. (1.3.16)

The eigenvectori v
1

and .associated cO.th w
1
and w

2
restlectively

are obtained by taking the cofactors of the element in any row of .

Equation (1.3.12)5. To see how thiSvorki, we set

v
11

1
v

21

r.

£.an

and bave,v
11'

the cofactor of the element a -'
. 11

22

I
\tt

v
12

$

v
22

1.

t
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I

vii +

10

'and the cofactor of the element A of the first row as

v
21

= - 8/A .

Similarly, for the vector v
2'

we haVe for the second row of IA - Iwl,= =

P

v
12

= - A ,

.v22 A. w2

Nod& that to get the we we us thegigenvalue wi and for v2, we use

the_eigenvalue w2 in Equation (1.3.12). Therefore, the eigenvectors of A

are (to within a constant)

evev'"

V, =

,

A + w
1

A

and v
-2

=

(3-Po

,A w2

These vectors
1

and y
2

are lineally independent since the eigenvalues

are distinct.

Now,since we have

A v = pi yi for i = 1, 2
=

it Ls pparent that the similarity transformation
. 4sw,

--A B = B D

hold!? where D is a diagonal matrix having the eigenvalues as its elements,

ktk,

(10.17)

23.
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D =

These two matrices are now

19

0

0

w
2

= 44 ]

CoMpletely determined fOr the one

neutron model.

1,1

If we make a transformation

delayed

±i (t) = B z(t), (1.3.18)

a

Az(t)
=

-1
Z(t)

and its solution is obviously

wit

0

= D Z(t)

0

w
2
t

e

1.
O

Dt

Z(o) .= e: Z(o)

Now using. Equations (1. 3.18) and '( I. 3.19) we have

=
=_

(o) .

24

a

0

(1.,3.19)

(1.3.20)
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,

This is the solution of the kinetics equations. Notice now that the exponential
e 1

Dt

e is a diagonal.matrix-sothe separation of the equations is 'effected.

4- We now write out the details of this procedure. The transformation

matrix B is

- 7 Pi Y21 7

.

and the deterndnarit of B is

A +

13/A

9 de tB = ww + + Am -al a2
A 1 2 A

The inverse 'of B is -

B71
1

= det
=

87po

A
w
2

0

A

13-p
o + 0)2

A

The: solution of the one delayed neutron group, equations is obtained

fi-om Equations (1:3.20) and (1.3.8)

+ w

Kol_
det B

A

1

. 0*

A

lt

'(1 3.21)

1

1

1

1

1

1

1

1



n(t)

Det B

21"

0

a-p
A'

x

A
4_

.1'

O

'co
t

e

t

w2 X

1

8

Al

A +
1

P0)0 col) eWlt
cola 41 t

(0) + e
2 A .A

ia

,
8p0

jy-
colt

A `.°)2 A e
+ w113 92t

4)2) AA' e

- ,

(1. 3.23)

Even though Equations (1.3.23) represent'the exact solution Of the problem,

we are generally not concerned with c(t) so we look only at the 11(x)

equation. Also from Equation (1.3.13) we have

(jj 1 , 2

-(e=0,0 fix) ±1./(B... 11A)
2

+ 4 AA po

2A
. 41.3.24)

/VI
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Note too that

t
- 22 -

Apo
W2 -

A (1.3.25)

and in agreement with Equation (1.3.16),

1.

6,1

13-o + AA
o

A
' (1.3.26)

Now'if we approximate wi (the-positive sign) and w2 (the negative sign)

, in Equation (1.3.24) by assuming that

1)0 +A A)2 » 4 A coo A

which is true for most reactors, we have the radical of Equation (1.3.24)

equal to

Or

4A
o

A

(0 P
o
+ A) 1 -110

-p + AA)2

1
Woo

F + 2 (0-Po + AA)z

When this is used we obtain

J Apo
wl 0-P

.0

,

and

(13-o0 + AA)

B-po
w
2

-
A

Note that if pc) isJpOsitiv, thellwi is also $ositite.

a.

(1.3.27)

The determinant of D .is involved in the solutiOn of n(t) so with

the abay,e approximations as well:as by using Equation (1.3.25) we have

. -.. e.

.27



det B =
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...,

p . 4p Ap Ap

_
A

+ 4 (ali ) = 2.1t (1:3.28)
-p

o
'A

0 0 0 A

A A vii,43 o A

o

o Equation (1.3.23) becomes, using E. ation (1.3.28),

APo

8--p p -
8
-pot

e
t

a-p

e A

/

(1.3.29)n(t) = n(to) [-

This approximate solution is -ry us eful fn obtaining checks on numerical

solutions. The character of dh 'solution is also exponential. This will-

o

play a role in our numerfal technique.

/-
.//

Problem 1.3.1 -

Assume that p(t) = 0 in Equations (1.3.3) and (1.3.4) and obtain a solu-

tion of the'kinetics equations.

Problem 1.3.2

Prove the theOreus

1 -10 6 B II = IA - wII

and
2

b) trace A w
1=1

Problem,1:3.3

Why doei Equation (1.3.17) follow from the eigenvector equation

A v = w v?.

Problem 1.3.4

Using the same 4pproximations as used in developing Equation (1.3.29)

establish a relation. for c(t).

28
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i
1.4 Numerical Solutou of the Kinetics Equations

:

The reactor kinetics equations are difficult to solve numerically

9,

It

by "standard" Runge-Kutta of predictor-corrector methods. The basic

reason becomes apparent by looking at the one-deland neutron group

equations which wetrepeat as

and

dn(t)
_ 2.1-941 n(t) + A"o(t) (1.4.1)

4dt A

- dc(t) ' - A- n(t) - c(t) .
dt

(1.4.2)

t The very short.time response A of the prompt neutrons is .of the order of
. ---.._

--'

10
-4

sec. whereas the delayed neutron time response is or about 10 sec,

I. .

a factor of 10
5

greater. The implication of theselacts.is that in order to

obtain the prompt response, very smal- l time steps, of the order of 10
4
sec,

are required. But then before the delayed neutron term can come into play,

many time steps are required. Also, to eXaminetthe response out to even one

second, 10,000 steps of'calculation would be required.

There are several methods that are used to ameliorate this difficult

problem:

1) Using a Laplace transform teOhnique.
.

.

2) Transferring the differential equations to inte

S
al equations.

ISNd
, 3) . Using the eigenvalue method.

We choose, the last technique and refer to it as Hansen's method (4) after

its okignator. The method works for varying reactivity and can be extended
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to systems with feedback.
e

The basic idea of Hansen's method i relatively simple'. We again

write' Equations (1.4.1) and (1.4.2) as matrix and set

4(0
dt

(1.4.3)

where A and ± are defined as in Section 3 of this module. We will also

only perform ibe operations for our one layed neutron group model.

Now set,

A = L+D+U (1.4.4)

where

to"

L .=

14.

0

A

0

0

, P =

-A

A

0

and

Pe

1 U=

A

0

Of course, for all six delayed neutron groups these matrices would still

have the same meaning. Equation (1.4.4) can be written Using these

-.definitions as

1P

! cu p ( 0. D Mt 0, 4. U) t )

dt 0.
(1.4.5)

tl
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Equation (1.4.5) does not appear any simpler to solve than Equation
.

(1.4.3) and in fact it isn't. The reason for- splitting it up in this fashion

is to develop an iteration procedure. We assume we begin this talculation

from a time t0 and advance to a time t1, We set
0 1,

h- t - t
0

. (1.4.6)

SinC64-is.a diagonal matrix, an integrating factor for Equation

-Dt

(1.4.5) is e if the reactivity doesn't change mach during the time interval

h. Therefore, Equation (1.4.5) becomes
4

-Dt di(t) -Dt -Dt

e
dt

D 1.(t) = e (L + U) ,1i

Or 4.

r'

dt
(e i(t)) e + 1(0

Integrating aow from 0 to h we have

0

It h lit
4 e, gt) I 1

h
e (L + 12).1:( 0 dt

or

where

0,

ph p(h-0)

gto + b) = e
-4

+ f
o

e (1,1 + AL(to + 0)d,

t
o
< 0 4i, = t

0.
+ h ,

- - x

4

31

9;

(1.4.6)

(1. 4.-7)
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and obvi--147 in this interval
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do = dt.

This .is an integral equation since the' function we're looking for

is part of the integrand. In order to provide a reasonable approximation

to 41(t0 + 0), we recall that the analytical solution is exponential so we
/

assume

w 0,

(vo + 0) = e ° (to) ,
(1. 4. 8)

and 14
o
is the largest eigenvalue of the matrj.x A. This means that we wi

t

have to solve the equation (notice this is' simply the inhour equation)

1.4 - tal 0

in each time interval \ for which -the reactivity has changedAina the

reactivity 'will generally 'be a' time/dependent quantity.

Inserting Equation (1.4.8) into (1.4.7) we have

R(h-0) w 0 ?'

(to h) e IN) + f- (L + U) e ° to) dO

Rh D(h-0) w IO
=

= e i(t 0). + I
o

e e
o d0J (I.1) ,i(to)

Dh Dh - (w0I-D) 0

= e ±i(to) + 10 e de (1+R) 1,.(to)

144,

= eP h
o)+(w oI-D)

-1 fe° - e- 1L+U) .gto)
= =

32

(1.4.10)
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'If we write

and
I

9

(t + h) = j+i

Then Equation (1.4.10) becomes

Dh

= e + (w I-D)
o=;=

- 28 -

1p (to) = tpi

wohI
e= (L+11);

-
4

(1.4.11)

This, 2 matrix obviously represents

Dh
G = e + (woI - D)

1
e

wo

,= =

li t ph=

- + U), (1.4.13)

and it can be written as,_

. G =

w
o
h + h

A

h '
e - e

A

wo (2P

w
o -Ah

e - e f3

wo + e-Ah

A

(1. 4. 14)

For completeness, if there are N delayed neutron groups, we include

1/4

the following relation for G2:1 ,

33
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h
2:1 h

2:_13_
.

-2-:-Qh
c, 0 A .

w oh
h

A

A e - e e - e

e
A

w
o
h -A/h

0
e - e .1

w
o

A

-A
1
h

a.

e
woh

- eANh 8N
-ANh

wo X
A

e.

AN
/'

(1.4.15)

If there are six delayed neutron groups, itis apparent that G will be

'a 7 x 7 matrix. Also this iteration technique as given by Equation (1.4.12)

is unconditionally stable and yields the asymptotically correct eigen-,

solution.

The numerical procedure for the solution of the kinetics equations

is thus:

1. ,Determino the number of delayed neutron groups desired and

read in the pertinent parameters such as A
1,

0
1

etc. Also

choose a time step "h".

2. Construct the ,vector ±(0). This will, usually be,

IL(0) = n(0)

1

81/A1A

°N ANA

3. Determine the largest eigenvalue of the equation

.16 wIl = 0.

0
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I

.g1

This is a rather difficult step since ite
4
means solving an

algebraic equation of perhaps degree 7 to determine its largest

root w
o

,

4. Construct the G matrix using Equation (1.4.15).

5. Determine the vector
1
where

1.1-10 =. G 1,(0).

6. Repeat the above steps starting with step 3.

The technique is"nts,.involved and can yield very acc rate'reeula

The determination of the root of an algebraic equation needs some

discussion. We choose the Newton4aphson technique to solve the.equation

1

N ., , .

,

f(w) , =E a
n
wn = 0 for, 1 N <7. . (1.4.16)

'n=0

Let the N roots of E4tation (1.4.17) be labelled 6)

o
, wl, . . . .,.wN where

,-the roots are ordered such that w
o

>-(1.11,> m2 . . . w
7'

For our problem, I

. .

. .......,.

,t

all the roots are real and there willkiEly be one positive.root depending

.

,

. Ion whether p is Tositive at the tile step of interest. We are interested
P'.

only in wo. Also we 'assume thltbe interval, of interest in the roots is

limited by

and
.

two <

with AN the decay constant corre sponding to the shortest lived delayed

neutron group. The reactivity can range from negative 0.to poeitve 0 in



A.

A most practical situations. Note that if

0 then wo = 0

and "if p = 13, then W
o

°3 while if p'= -8., then wo -x1. Foi the last

'hituatidn, regardless of the amount of negative reactivity Introduced

into the reactor, the reactor cannot shut `down- fIstgr than. a period of

-1 ..

T = = 80 sec.
o

1

The Newton-Raphson method is .relatively simple traeuse.
Assume that

1.

we can expand f(w) in a Taylor aerie's abotit wo where wo is the root of-

interest.. Then

df(w ) d
2
f(w

a
)

f(wo) = f(w ) + h
01. + h

2
1 + .

01 Ilidw 2
dw
2

o

(1.4.17)

The wo is a first "guess" at the solution which we assume to be p(t) /A.

l ,

If we truncate Equation
(1.4.17) after the' firsi two terms on the right,

we have

Or

f(00)" = f(w )
dw

h 64 )

ol

- f(w
-o

)

1
h =

cif(w )

dw
01

The next approximation to wo is than

w = w h
02 01

36

(1.4.18)

(1.4.19)

4



4.

and then Equation, (1.4.18) is used Again. If this iteration procedure. is

used a sufficient number of times, this the roots of Equation (1.4.16) can

be obtained:

Prob lem 1.4.1

a lige the -Newtan-Raphson method to. sollie the equation

lc
2
+ 3x --CI 0.

Check by the quadratic formula.

P rob lem: 1.4.2

Extend the Newton-Raphson method to systems

if

and

f
1

(x
1,

x2) = 0

I

f
2

(x
1,

x2) =

of equations.

rl

In particular

then show that if h and h are the increments to the "assumed roots,

and

44

1 2

.
1 a det .2

a
fi

ai
2

f2
3x

2

fk
3x

2

aft
3f

1

1 ax 2 'd

2 det
xlh

Mhere .1 is the Jacobian matrix, i.e. 4



J

_ .

af

axl

3f
2

3x
1

33 -

af1

'3x
2

aft

3x
2

and det is the determinant'of the Jacobian matrix.

Using this formulation find the solution to the equations

0

f
1
(x1' x2) = sin x

1
x2 - x

1
+ x22 = 0

f (x
1,

x
2
) = 2x

1

2
- x2

2
2+ xi x2 =-0.

38
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1.5 The Computer,Program and the Kinetics Equations

As has already been indicated, the kinetics, - equations offer a challenge

for their successful computer solution. The purpose of this section is to

_indicate what models the program will solve. The program will solve the

.

kinetics equations by means of Hansen's method for the following-reactivity

inputs:

1) A constant reactivity,

p(t) = P. (1.5..1)

2) Sinsusoidal variation of reactivity,

p(t) = p
o
sin b

2
t

'

a

where po.and b
2
muat be input.

3) Linear reactivity insertion to approximate, the insertion

or withdrawal of a control rod:

p(t)'= po,,(14- b3t).

. (1.5:2)

(1 :5.3)

These inputs. are-the-bast common and can be used to,simulate many

...situations. In each of the above situations p
o

must be' read into the

Computer.as well as the'"b".or rate of insertion in sec
-1

. The reactivity
.r.

units are in dollars. A dollar of.reactivity isthe amount inserted or

withdrawn which equals the delayed neutron fraction. For example, a reactivity

I

4. ,

0

of 50p .for U-235 where 6 = 0.0065 is 0.00325 whereas for Pu-239, it is

0.00135 since0 = 0.0027.

The program also has an option of either doing the calculations for

)

39



-235 or Pu-239. The delayed neutron decay 4cfatants are taken from Keepins'

data and are given in Table 1.5.1.

k .

Delayed-Neutron Half-Liv , Decay Constants and

Yields from ThermaVF1ssiOn of U-235 and Pu-239.

4

URANIUM-235 I)" 4. PLUTONIUM-239

Group
Index

-

Half-Life
(sec).

Decay
Constant

, A (s'ec

,

)

Relative
Abundance

13-i/13

Half-Life
(sec)

Decay
Constant
A (sec )

Relative
Abundance

8i /8

1

2

3

.

4

5

6

55.72

22.72

6.22

2.30

0.410,

0.230

.

'0.0124

0.0305

0411

0.301

1.14
4).',

3.01

',B.:0.0065

'

0.033

0.219

0:196
i

0095

0.115
-,

0.042

NI.

54.28
--....

'23.04

5.60

2;i3, ,,)
0.618

0.25.7

0.0128

0.0301

0.124 ,.

0.325

1.12

2.69

0..0.0027

'\ .
0.035

)
0.298

0.211

0.326

$0

0.044

The computer program for this module is good only for low power reactors

-4/

since feedback effects are .not taken into account. It does give some idea

of the behavior of the pqwer of the reactor for various reactivities aswell

as. for the two different fuels.

40

r



- 36 -

1.6 Input-Output Data for Code FUMOKI

The input data required for the piogram are presented below:

Card 1.$ IFUEL indicates the type of fuel the reactor has. It can either

be
235

U or
239

Pu. If IFUEL = 5 - its Uranium -235

IFUEL = 9 - the fuel is Plutonium 239.

The format' is 12.

'Card 2. NN - The numbei of groups of delayed neutrons desired. NN can be

any integer from 1 to' 6.

The format is again 12.

Card 3. NRO - Type of reactivity inserted into the reactor.

The format is 12.$

If NRO = 1; p(t) = po,

NRG
r
= 2, o(t) 7 oc. sin b2t,

NRO -= 3; p(t) = po(1 + b3t).

, ,,

Card 3 Must have the reactivity-p
o

, in dollars, read in with an
.

. .

F 12.9 format. The b
2

and b
3
are read in with unite of sec 1.

The b's are read with an.F 12.9 format on this card.

Card 0. XL - Neutron generation time.
IR

XL must be in seconds and is an F 12.I/format.

Card 5. TIME: - the total time period .for which the solution is desired

(seconds)

H The time step desired, again in qeconds. This cannot be

taken arbitrarily large. Generally one should choose an

H of betweeh .0.005,k(6-157:ed., Both of these are F 10;5.

formats.

Vt
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'Card 6. IG -. Output indicator. This indicates wh4dlier the user would

like to print out the G matrix, the flux and time step or

not. If IG = 1, then the flux, "G" matrix and time

step are all printed. If IG = 2, G is acts printed out.

This is an i2 format.

Card 7. XN - The initial neutron density.

XN can be anything you choose but it is in an F 10.5 format.

An'example .of an input data set is given below. This is an example

where we use Uranium fuel, with one group of delayed neutrons for a constant,.
reactivity input of about 3,4C.

4.
.

V 1

6

.

0000tin000000000mo'omiouloom0000000mm0000moOoomoomoO000p0000moop000
.23c,..ssic.nnumts4uuts2onnnunnnzInmmnuunnyinnamuw.odoclosovuus4s550Puwomnomouvolomndnu.snannso

.

. tv.

.11111111J 11111.11111111111111,111,11111111111_1111111111111111111111111111 111P11111,
..,
si 222 2222222'2 22222722222222222/ 21/ 2222l722222j2222222222222222.222.222222'222222'i22 3.,

,t......,--

z 303 33
33333333333333333333333)33333333333,e33333331,3333333333333333333 333333.33.3 1-

44,444444444444444444444,4,4444,444444444,444 44.4444444444444444444444444444444 a

3 5-6.555555155555555555555555555555555 515 55555555555b5555555555555555.555

V 6,666666666666666666666666666686666 11.66666666666666666666666666b6616666.6

11111111171731117117177117711177741' 1.7`7 7711 1111171111111'17777111177777777

. 88118?e8888888888688888888sl messitlistiWiemsammtsmemplesbeamassosis I

i1399i393919354,ii4444iiow9'os4111,114is9999pq93993is39el339?e99933599999329
''3456 folcul:uunnontinnnnu6nrwmuuum2:tn-u;s044243444suoomovsmussupwromurolsuumiloonnnuny,:tilb

wirvms
.

42
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The core requirements for FUMOKI are'about 40 K bytes and the compilation

time increases apptoximately with the square of the number of delayed neutron *

groups, all other parameters:being the same.

The output of the program id simple. The time, neutron density and

9
G matrix can be read out. Also a plot of the density versus time is

printed out.

Problem 1.6.1

J
Run the sample problem, i.e. the data shown.

Problem 1.6.2

Find the neutron density if you start with 100 neutrons/cm
3

for

a
239

Pu reactor with all six,:delayed.neutron groups. 'Obtain the solution

for a 5 second time span and do the same problem with H = 0.01 and 6.1 sec.

Compare the results. Do not write the G matrix.

Problem 1:6.3

Run FUMOKI for the case for thredelayed neutron groups for -2 Pu,

with a neutron generation time of 10- sec an

p(t) =$0.25 sin St

e reactivity

Run it for /time of 1 second, time intervals of 0.01 sec and an initial

,relative flux of 1..000. Notice that the reactivity at 0.5 sec is $0.17

and the power has risen to 1.275.
.

.

'If you do,the exact same,problem as above for 2 delayed neutron groups
4

notice that the.power has become 1.268 at 0.5 sec.

. . .

k e--
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Problem 1.6.4

414

39
Given a reactor fueled with .

2 Tu and assume that you wish to. use a

5.-delayed-neutron=group model. For a-relative power of :1.000 initially,

show that after one second the power is2.157 if a rod is being removed

such that the reactivity inserted is

p(t) =p0(1 +

. $

All other parameters are as in problem 1.6.3.

Problem .6.5

Assume a
235

U fueled system with a reactivity variation of .

p(t) = $0.25 sin 5t.

If the. reactor is'-to be simulated for three seconds after the reactivity

is ,inserted and.,if all pa;rameters,are there as in example 1.6.3 except

Nor the number of delayed neutron groPps then:

a) use the two delayed neutron model to obtain the.power as a-.

function PI time

use the five delayed neutron model to obtain the power'

variation Nith time:

How much longer did the Computer take to do case,.b) than case a)?

Answer: About 10 times as long. On the IBM 370, the times were 11.03.

-

sec and .97sec respectively. Notice also that the power at

the end of 3.0 sec is 0.8154 and 0.8161 foi' the 2 and 5 group -

cases respectively.
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. List of Symbols FUMOKI

, .

, e

_
.

The following symitols are listed in -the order of their appearance in

program FUMOKI.

IFUEL

NN

NRO P(t) a PO
P sin b,,t

p
o +

3
t)

RO .

B1,B2,B3 b b
2b ' 3

X(I)

P.o

XL

TIME

H

IG

.Type fuel (
235 239

U or Pu) (5 or 9)

-Number of delayed neutron groups

Type of reactivity to be, inserted.

1r- constant reacti'ulty
2.= sine insertion

=. ramp insertion

Reactivityinserted

Rate or p d at which reactivity is

inserted..

X precursor decax, constants

A 'ndhtron generation time

At

total time the reactor transient (s) ,

is to be simulated

the'time step

.output option to print the G matrix

after 1st iteration(ta- print any other

iteration change statement MKI 2520)

XN no initial relative per

B(I) fraction of neutrons for eachgroup
1

' BB 'total delayed,neutron fraction

TH cumulative time used in TPLOT

LL .total number of time-steps H fits

, into TIME
.

p(t) -
.Reactivity at any, time

1124
number of coefficients in the inhour--

T, equation. _ {number of delayed neutron

groups + 2)

zk
. . ,



n.

WO
0

XNCO(I),
oxo(I)

® XXNC2

GG,MAD

MOD(I)

Z1(I)

Z2(I)

AVEBX
- .

I

ANHOUR

GMTRX

GXN .

POLRT

NIP

H*(step number)

-42-

4

coefficients of the inhour polynomial '

degree of the inhour polynomial
(number of delayed neutron groups + 1)

g st eigenvalue of, = 0

column vector ±

logarithm of per

power

dimensioned TH used in TPLOT

precursor density of delayed neutron
group 1

reactivity

subroutine to obtain the average 0 and
A depinding on how many delayed neutron
groups are desired

subroutine to calculate tye coefficients
of the inhour equation

a subroutine which' forms the G matrix

subroutine which multiplies 2 by
column vector Glio

A Newton -Raphson iteration'technique.

is used to obtain the roots of the
inhour equation to obtainwo

A subroutine to plot the 'vector 1, up
to and including five dependent
variables. .The reactivity, logarithm
.of the power, power and someof the
delayed neutron precursors are plotted.



. Statement Numbers

1100 .

1500

- 43 -

Flow Chart for FUMOKI

Subrou
Pu 239

R03
Ramp
insertion

tt

.

Ap:ormie
Obtains six group s and

X's for isotope.

CalcUlates average S's sand

x's depending oh the number

of delayed groups desired.

The type, of reactivity
variation desired determines
which,path to take.

Routines which determine
the reactivity as functions

of time.

Subroutine which calculates
he polynomial form Of the

inhour equation.

4

a



0
72.90 . POLRT

Form

2180 XNCO
2300

7880 Generate
AL, Matrix 1

2 260 . GM'IRX

2510 GXN

2660. ,
TPLOT

STOP

O

Subroutine to determine the b

° ;largest root of the inhour
equatiOn using New,ton-Raphaon'
Method.

Subroutine whiCh forniS Initial

matrix; 1,3

'Generates the matrix for
all cases, except the first

I

,Forms the G matrix
A

FoNs the product G

Plots the power, etc.

1

1



//WATFIV SIART.ONEGA.PAGES=du.TIME4i150 - -.......- _
C MAIN PROGRAM

a, MK1 20s

C
MK1 30

C
MKI 40

C

C- e
KINETICSICS MODULE ,

.
MK1 50

60
-'

MK1

C
4.. MK1 70

C ... CODE NAME F 11 M ,1 K I . MK1 80

C OBJECTIVE TO oBTA IN THE KINETICS EQUATION 4 ITHOOT FEEDBACK AND MKI 90

.0 . SOLVE THE KINETICS EQUATIONS NUMERICALLY FOR ONE , TO MK1 100

C SI X DELAYED NEUTRON GROUPS FOR TIME VARYING REACTIVITY MKL 110

INSERT IONS . iC
MKI 120' .

C . THE KINETIC EQUATION OER IVED FROM ONE GROUP DIFFUSION MK1 ,130
EOUA T I CNS . ,

MK1 140

C FEEDBACK EFFECTS AND SPATIAL DEPENDENT EFFECTS ARE NOT MKI 150 ..
44C INCLUDED . MKI 160

C 4 . ' e MKI 170

C ASSUMPT ION IHE BASIC 'AS4UMPT I ON OF THE METHOD I S THAT NCUTP.ON AN/MKI 180

C PRECURSOR DENSITIES BEHAVE EXPONENT1 AL.LY, WITH A FREWENCYMK1 190,

C CHARACTER WIGS OF THE ASYMPTOTIC FREQUENCY CORRESPON- MK1 200

C DING TO THE REACTIVITY . w MK1 210

C
.

1
MK1 220

C.

AIRI TEEN IN SINGLE- PRECISION 'lir
MKI 240

C PROGRAM MKI 230

C GENERAL UESCR I PT TOODE PARAMETERS MKI 250

C ...P. MK1 260

SYMBOL , 1 N/L1UT/V DECk I PT ION REAL/ INT. UNITC
MK1 270

C
MK1 280

C IFUEL 1N TYPE of FUEL I - ' MKI 290

C 5 4 U-235 MK1 300

C 9 = PU-239 MK1 310
. IN GROUP DELAYED NEUTRON I.. e NN MK1 320

..
C

MKI 330-
x.

I Tel b ,
0 ' NRC IN "ft TYPE OF REACTIVITYNI TY Ir MK1 340

C , a
= 1= CCNS TANI . MK1 350

C 2-r- FS114(32*T1 MK1 360

° C * - . k 3= 11( 1+P 311- )
..

MK1 370
.: '.- - 131 IN \' CONSTANT 82-,n R ,83 C R I/SEC MK1 380

MKI 390
C ,, ' -7 . IN NRr? .

B ' OUT ctf RACE ION OF DELAYED R.0 MK1 400.
& C .- -°- 'yQUTROfi . MKL 410

C X '.. OUT 1/SiC 4 $1K1 420PP EtUASCiR bECAY R

.0 ( C STANT °' _ MK1. 430
C XL IN . NEu:TR TM GENE P AT I ON R MK1 440

C T °?ce 0
SEC .

MK1 450

C R V Af ALTIVI TY R - MK1 460

C t,
V- LIE EF I C I ENT OP INI44OR R'' MX1 470 i

C E.AMUL'A IN PR,LYNDMIALZ.', MK1 480

C ° FORm . ' .. MK1 490

-C WO V RFC I PRLICAL- LW '413,FR IOD R 1/SEC MK1 500
tr

C T ) V SEARLE PR IOC, T.
R SEC . e. MKI 510

C G V C- MAU, IX .. . R - MKI 520
'.1FUTRLIN DENSITY R N/CM**3C XN' V MKL 534

C- C V Pr*E.Cuvsett DENSITY ' '' R

**3SEC
MKI 540

NICSMC TIME .N TOTAL TIME . ' R MK1 550
7,

C H N TIME I NCREMpT R SEC MK1 560

C . , MKI 570.

C =-- .
MK1 580

E. i IN - INPUT . Micl 590

C OUT - GUT POT MK1 600
. .



4.

.,c, V - VAAIABL(-S

C \S

1
Y

l C
'C -

THIS. PNruRAM IS 104ITED TO. DELAYED NEUTRONS FROM

C
THERMAL FISSi.)N OF U-235 AND OU239 FOR ANY NUMBER OF

C
GROUPS FROM ONF TO sit.

C
. .

C
SUPPaRTIN(; ROUTINE U235011239,'AVE3X

C
ROIR02 04,40 R03 .

C
C 0.

. MK1' 710

1 REAL MAS) 9 MOO
MK1 720,.

2 DIMENSION 11y.?0/. Z2(14.)0), CDpD4, MANIOC)), MOD(100), XXMC2(100M1(14.730

,11, HH(1JJ1 , s

MK1 74Q

3 DIMENSIO% 15(6). xx(6), 6x(6), x(t), YR(6), YX(6) 11(8)A OER1181 FMK1 750

11.1181 614,41: AW(8), Rool(7) coF(7), W(7), XNC 17) XCO(71,CMKI 760

2161 ,

MK1 770

C
MKI 780

FC
ULf'INE kEACTIV1TY AS A FUNCTION OF TIME . MK1 790

C
MK1 800

5
MK1" 88/g4 R021RO,T,t12)=R1.*SIN1S2*TI

RO3(RO,11,831=FO*11.0.63*1)
C

MK1 830.

,.

MK1 840

MK1 610'

MK1 b20
MKI 630

THMKI 640
MKL 650
MK1 660
MK1 670
MK1 680
MKI

1:2:

i.

C
C

INPUT PAPAPETER DATA

C
% -0% .

C

5 -JUELLD U-235
,4ULLED t/:239C - F

C 110 IRON. EITHER 5 OR 9..

C 110 NN - eJ,DUP DELAYED NEUTRON ,

C .130 ' NKO TYPE OF REACTIVrTY

C 1 - CONSTANT REACTIVITY

C .
7 - RtACTJVITY AS A FUNCTION TIMER.

R = RO*SINIB2*T)
C

C 3 -, REACTIVITY AS A LINEAR FUNCTION OF T

C
14 . RO *(1+83 *T) ,1

C:1NSTANT / INITIAL REACTIVITY .1c7- ,

C kt)

C. , 81 EITHER 8 OP 63 IN NRO ...

C, 14C . XL NEUTP4N GENERATION TIME
.

C 5C ''' TIML T ITAL TIME USED \

C H T1MF INTERVAL ...a-4'

C 14: 1G 0,TPUT SIGNAL FD G-MATRIX

C I - PP1NT CUT 6-MATRIX

C 2 -. DON'T .
,e,

C 170 XN INITIAL RELATIVE FLUX
. .

C

C *.**INPUT REACTIVITY IN DOLLAR UNIT *******

L

C

REAP 15,1101 'FUEL
C.

'FAD THE INPUT DATA, STEP 1 P. 26

PEA() (7.120) N"
KEA:) 15,13n NI Co-01

9 RE A° (! .14G) Xt

10 READ 1,9150) TIME,H
11 REM) 05.160) IG

12 READ (5.170)

13 WRITE (6,20)
14 -WRITE (6,31.) IFUeLiNN

Ire

MK1 850
MKI 860
MK4t 4701 a

MK1 880'
MK1 890
MK!
MK1

900
910 ...,,,,,..

0

MK1 920 ,

MK1 930
MK1 940
MK1 950

. MK1 960
MK1 970
MK1 980
MKI
MK!.

990
1000

V MK1 1010
MK1 1020
MK1 1030
MK1 1040
MKI 105C
MKI 1060
MKI 1070
MK1 1080
MKI 1090
MK1 1100

°P1.1(14

1110

MK1 1130 .

MK1 1140
MKI 1150
MK1 1160
MK1 1170 r

MK1 1180
MK1 1190
MK1 1200
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4 15 wRITE (6/40) AL

16 WRITE (6,50) NR( ,P' /NPD011
17 wRITL (6.60) TImFoR
18 _WRITE (6/70) 11,0(h

-19 . .4R11} (6,100)
20' 2J FukMAI (1H1,61u..,/,....r4,.Arnisv-<*u**ao****** KINETIC MODULE

14'4"IP""***""',////1011 "ww**4-*************///1X,J6H INPUT
42METER,/,2JH**rt=x,t,=1**m**t*r*,=,/////)

MK1 1210
MK1 1220
MKL 1230
MKI 1240
MK1 1250

1 **MKI 1260
PARAMKI 121'0

r-21 30 FOK0AT 12X/181i TmP, IF roil o-23f11f//f2x,29H NUKIFP DE DELAYFI NFMK1 1290-
'UT/ . ,la,i) Au 1300

22 40 FOPmAT (7)4,21H Ntill/61/ GENETluf. TIME = .F11.5.2W(SEC),//) MKI 1310
23 50 F.:eRAT (,X/22H IYPI FLAL IVITY = ,12,///2X,I0H RO = S /F15.10K1 1120

15X.'.011/' = '011.5/71
Ihr MKI 1330

24 60 FOOT 12X/11H TfITAL TTPE Osco = /F10.3/2W(SEC1',5X/' TIME IMK1 1340
,<Nitr0.fAL = ',F7.3,' (SEC)', /) MKL 1350

25 70 FL,FMAT (2X/17H roTPur IPTION = /12////2X,25H INITIAL RELATIVE FLUXMKI 1360
A = .F1.3.//) MKI 1370

26 30 F.:1.141 (L(.2211 SIX CRrUP LAMMUA VJE /2X,6(1-7.4/2X)///) MK1 1380
27 90 5,1PMAT (6X.20P SIX GROUP BETA APE /2X/6(F7:5/2X) ///) MKI 1390
28 100 Fr)fs,44T (//////39H*x,mm=,**** END (F INPUT DATA =L*********./////) -MKI 1400
29 110 FJRMAT (L2) 0 MKI 1410
.30 120 FORMAT (12) MKI 1420
31 1 FORMAT (11C.20 MKA 1430
32 144 igumAT (F1O.ul MKL 1440 ..
33 -150 FOkAT' (2(F13..)) MKI 1450
34 I6u FAFAA1 (12) MKI 1460
35 17u fJulAT (F10.5) MKI 1470

MK1 14d0.
C

-

.4.,4po1 . tl of fifiATfON AM TYPE Of 1-9 UcLO YKI 1490
MKI 1500

36 91:1 MKL 1510
37 MKI 1520 ,

MKI 153038 111=0.0

Yq HI=H
4G MK K1 1:15:10LL-
41 IF (IFOEL-5) 1'%0,140,196 MK1 1560
42 180 CALL U235 (8,X) MKI 1570.
43 Gu TO '.'JUG" MKL 1580
44 190 CALL PU219.(c.,X) MK1 1590
45 200 .0$1TF (6/801 (X(1),1=1.61 . MK1 1600
46 WRITE (','4u) (11,1!--1/6) MK1 1610

MK1 1620'
C CrmPuTF.- THt AVERAGE EiFTA AND LAMOA FC,P THE PARTICULAMKI 1630

MKL .1640FUEL .

MKI 1650
47 CALL AV:- )x 01,X,6,NNP 'K1 1660
48 WRITC (6.210) MKI 1670
49 210 F-KMAT(/,5X,17(- IN( AVFRAGF UFTA AND LAMUA//.5X429H MKI 1680 ,

MK1 16901 ,' /)

50 DO 220 L=I/NN. MKI 1700
51 420 f4RITL, (6.23)) 1,,.(i)/(.0(iL) MKI 1710
52 230 FO,14T (tX/2H8(.12/3H1= J11.5/5X/7FILAMBDA(/12/4H1 =,,F11.5//) MKI 1720
53 DO 450 K=1/11 MKI 1730
94 Ofj TO (243,25,2:), Nrt MKI 1740

C MK1 1750
C MKI 1760-0,4( iLLATIJN 1.5.1,
C MKI 1770

MK1 178055 240 r.f,,

56 GO TI.27.3 MKI 1790
C, MK1 1800

'\

-a

S.



C
/

SEE EQUATIOI1 i. MK1

C MK1

57 250 R=k0211/0,TH,B1) MKI

-58 GO T13 27J ' ,,
MK1

C
, MK1

,,.:. C - -SEC EQUATION 1.5.3 MK1

C . 'Mkt

59. 260 III03(R5,TH,B1) MK1

C

.

'MKI

I

C Se 41 -CCAPU1E THE COEFFICIENT OF INHUUR FORMULA, SEE EQUATMKI
C ON 1:3.13 WHERE NN=1 ,MKI

C MKI

6G 270 CALL ANHOUR (XL,X,9,',A,NN) MKI

1 MM=NN4.2 ,
MKI

62 IF IK.EQ.1).,WRITE (6,28U). MKI

63 280 FORMAT 1/,4X,3211 COEFFICIENTS OF INHOUR FORMULA ,/,4X,35H MK1

. I

.
.1) MKI

64 00 330 I=1,MM MK1

654 MW=MM-I+1 '

MKI

66 AN(MW) =A(1) \ MKI

67 IF (K.GT.1) GI; TO 10O MK1

68 WRITE (6,290) 1,04)141 MKI

69 290 FORMAT (/,5X,2HA(,12,5H) = ,F11.4) MKI

/U 300 EONTINUr MK1

71 M=NNFI. . MK1

C MKI

C LEmPOTE ME 'OCT OF THE. POLYNnMIAL WITH MM COEFFICIEMK1

. C AND DITERMINE THE LARGEST E1GEN VALUE NO IN STEP 3 1.119

C MKI

12* CAII MEAT ItE,C0F,m,W,ROUTI,IEW,MM)
73 00=4(1)
74 00 310 J=1,M

' 75 VO=AmAXI(W(J),0r)
76 310 NO=VO . MK1'2140 :-

77 540 IF (K.NE.1) GJ TO 370 --MEI 2150

78 WRITE (6,350) WI. MK1 2160

79 350 FORMAT (//,4X,' THLLAKGIST EIGEN-VAZ,UE ,= ',E11.4,//) MKI 2170

C .
..

, MKI 2180 ,

C FORM THE INITIAL VECTOR COLUMN PHI . MKI 2190

C INITIALIZE NEO1RON DENSITY, 1=0 AiOPRECURSOR DENSITY'. MKI 2200

C.
MKI 2210

80 XNC0(1)=XN MK1 2220

`81 00 360 1 =2,M .
MK1 2230

82 J1=I-1 '
MKI 2240

83 88=88+B(JI). .
AKI,tlyNe

84 CE..11)=B(JI)/(X(JI)-XI) MK1 2260
....7-

85 360 XNC0(1)=C(,11)4XN4 .

"-- MKI 2270 s

86 370 IFIK.GT,IIGG(K)=GNXCU(I) . MKI 2280

87 _ GGIK)=XNC0(1) 4 MKI 2290'

88 kR=R*10, MK1 2300

89 IF(K-11380,4Q...,361
, MI4442310

90 380 H=h1 ir MKI 2320

91 DO 390 J1=101 MK1 2330

92 390 XNCOSJI)=GNXCO(JI)
.. MKI 2340'

93 GU TO 41) . ' 4
MX1 2350

94 400 H=0.0 .. MK1 2360

C MKI 2370

C CCHSTRUCT THE 6 MATRIX CORRESROtIGING TO EQUATION MKI ;480

C 1.4.15 AND STEP 4, AND 5 PAGE 26 AND MULTIPLY THE G-MA - MK1 2390

C TRIX BY. INITIAi VECTOR'. MK1 2400

MKI
MK1
MKI

1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2000
2090
2100
2110
2120
2130

:`

if



9

95

'?6
97
98
'99

100
101
102

103
10.4

105
106
101
108
109
110
111
112
113
114
115
116

117
118

C
410

-*VII

430

440

'450

'460

48)
490
5,)%:'

C
C
C
6
C

C
C

C

- 49 -

.
...

MK1 2410

041 LATRx 0.01,P,x,x1.+400M.H,G)
. MK1 2420

IF (K.NE.2.AN0.10.(0.1) GO Ti 430 MK! 2430

wRITE InIOSO,
2440

OC 420 I=1,M .

MK1 2450.

wRITE 16,490) (01I,III,I1=1,M)
MK1 2460+

CALL 0X9 (G.XNCO,K,GNX,COI
MKI 2470

IF IK.10.1), d',171 16,440J NN ,
MK1 2480

FOKMAT
14//t2X,2H,n,1X,4mTlmts6X0HROX.5MPOdER,5X,124.4X,2111uRGUP MK1 2490

luLLAYEL, NF(ITRLA,/,IX,M1 ),IXIOH(SFC).5X.3HI$0,5X0H1 - ),7X,10MK1 2500

2HIP5LATIA/E1,//1 , MKI 2510

*RITE (6,450) x,i1,,,,,(4nixCe(1),1=1.i4)
MK1 2520

FOMAT IIK,13,4X,17.3,eX,F5.e.712X,E11.41)
MK! 2530

TO=TH+H .ftw,
MK1 2540

mL6IKI=TH
NK1 2550

UG=G6IKI -
MK1 2560

m4(A-)...m., ,
MU 2570

211KI=GNXL0(2)
MK1 2580

72(K)=P
\.1 MK1 Z590

XXPC2IKI=ALJ6(JCI . MK1 2600

WRITE (6.5001 -

. KKI 2610

,LAIL ToLrT IMCD,4!),(1,XIN(2,/2.11)
MK1 2620

"FoRMAT (./.6X,I411 Tor o-FATRIX ,/,4,X.1514 ---- -,/) MKI 2630

FokMAI (2X,4(E11.4,2X),/)
MK1 2640

F0K4A1 ( //t5X0Cl1 4.4*..t4.r*4ntAx,rctectts,.4.
-ND (IF LUIATI )t. r**MKI 2650

iw*www4w*******,-,.*1-xwl.)
MK1 °2660

STOP
MKI 2670

CO
\ 'MK1 2680

... L MKI 2690
MK1 2700

1)W.:1,01ri AVFo) IS CALLULAIING 111F AVIP40F RFTA AN0MK1 2710

LAM0V, 4ITH TI4 VaSI( OF SIX CR.LIIP, .

SUPPO4TINu I,(UTINL , AhtTA

MK1 ?720
MK1 2T30
MK1 2740

Al AMOA
.111((1142217:130

,
MK1 2770

(g)

119
120
121
122

AVEI4
OIMNSI)A, MI6). X(o), XX16/, Y1316)

00- 13 1S=ItN v.

Xx(K) =x(K)

/.;.14 11 227ggYX461 1(

Z:11 ::(1)-g

123 IJ tlX(K)=61KI
MK1 2820

124 i,U TJ (n.3Cil6J0)(.13('.!..)v). %G:LUP -MK1 2830

125 20 YCIV.,FOUPI=ABETAIb,PI
MK1 2840

126 YKINI.,AOODI=ALAMOAI,i0NI
MK1 2850

127' Gk., TO I5J
MKI

128 30 NI=N0r;011Pf1
MK! 2870

129 Di 5J J=IINGWr
MKI 2880

130 YLIJI=A8ETAIB,N11
MKI 2890

131
1.32

YX(J)=ALAMDA(8,X,N1)
JO 4) J1=IINI

MKI 2900
MK1 2910

4

133 '12 =J1 +3-
MK! 2920

134 YIJII=XXIN2r
MKI 2930

135 40 6(J1)=-fIN:21
MK! 2940

136 50 Ltf, TLPUc
MKI 2950

137 ' GO TO 1.',1
MKI 2960

r38 60 NY=NG1-°00-1
MK1 2970

139 J3=2 4-
MK/ 29/30



140
r41

:14z
14S
144

1 145
-

146
147
148
149
150
151
152
163
154
155
156
157
158
159
160
161
162
163
164
165
166.
167
168
169
170
171
1724

1473

174
175
176
177

178
179
180
181
182
18J
184
185
186
187

#

N.
- 50 -

DO 8J J1=1.40ROUP MK1 2990

YB(JIIFABETA(8N3) MK!. 3000

YKIJI)=ALAMDA(B.X,N3)
: MK1 3010

IF AJ1.EO.N0ROUPI GO It3 150 i
MK1r3020

0@ 70 J2=11N3 MK1 3030

J3=03+1 .
MKI 3040

B(02)=0X(J3), 'MK1 3050

70 XIJO=XX(J3) , Mi(1 30603

80 CONTINUE. MKI 3070

GO 'TO 15 MKI 3080

90 , N4=NGROUR-2
MK1 3090

J3=2
MKI 3.100

00 11t, J1=104 -MK1 3140

X8(.14)=ABETA(B.N4)
YX(J1)=ALAMDA(BIX,N4)
DO 100 J2=1,144
J3=J3F1
802)=8X(J3)

100 X(J2)=XX031
,

110'' CONTINUE
DO 120 N1=3.NGROUP
NI=N0+2
YEI(NO)=BX(NI)

120 YX(N01=8X(NII
GU TU 153

1.30' N5=NGROUP'-1
'66(1)=ABTA(8,2)
YX(1)=ACIFIDA(B.X,2)
DU 140 JI=2,NGRCUP
J2=J14.1
Yti1J1j=i1X(J2)

140 YX(J11 =XX(J2)
GO TO, 15) .

1504k 00v160 J2=1,NO4CUP
OFJ2/4YBIJ21

16i. X(J2)= YX(J2)
'86 TORN

CI:ND

C
C
C FONLTION ALAMOA

Cl
- SEE' EQUATICN 1.3.5

G /

10

C

C

C

N.°

FUNUTIjN ALAND
DIMENS401 it1N1.
8,1=0.0
BL=0.0
00 10 I=1,N
84=81+8(1,
8L=61.+B(1)/X(1)
ACAMDA=81/81
RETURN
END

( ", X,NI

M(1;3120
M)1 3130
MK1,3140
MKI 3150
MK1 3160
MK1 3170
MK1 3180
MKI 3190
MKI 3200
MKI 3210
MKI 3220
MK1 3230
MK1 3240
MKI 3250
MK1 3260
MKI 3270
MK1 3280
MK! 3290
MKI 3300
MK4 3310
MKL 3320
MK1 3330
MKI 3340
MK1 3350
MKI 3360,
MK1 3370

,. MKI 3380

IS AVERAGING THE VALUE OF LANHA MK1 3390
MKI 3400
MK1 3410

\ MKI 3420

MK1 3430
MKI 3440
MK1 3460
MKI 3460
MKL 3470
MKI 3480
MKI 3490

FUNCTION. ANTA IS AVERAGING BETA .

SEE EQUATION 1.2.3

4

1.

4

MKL '3500
MKL 3510
MK1 3520
F:IK1 3531e
MKI 3540
MK1 3550
MK1 3560



- 51 - MK1 3570

A C
P MK1 3580

188
189
190
191
(192
193
194

13

C

C

C.

C

'c'

FUNGI! ,N A6ETA 0$.,1)
MK1 3590

DIMFNSION 6(N)
MK1 3600

ABETA=0.0
MK1 3610

DO 1 I= .N_
MK1 3620

A/104./48'7:1+0M
MK1 3630
M

RETURt.
MK1 3640

END
MK1 3650
MK1 '3660
MK1 .3670

- SUPPW(IN1 U-235 15 PR))VIDING DATA FOR (11 TA AND LAMOMK1.3680

FOR SIX GROUP OcLAYE0 NEUTRON FROM THERMAL FISSION . MK1 3690
MK1 3700
MKf a710

195 SUBRJUIIDE U23.5 (BO()
MK1 3720

196 uottilsInN 8(o). X(6) .
.

MK1 3730

197
198
199
200
201
202',

203
204
205
206
24)7

209
209
210

-0(1)=.0300
6(2)=.00141

*0(3)=.00127
8(4)=.00 255
5(5)=.0(074
d(o)=.)0027
X(1)=.0124

'

.

.---

X12)=.0305
X(3)=.111
X(4)=.301
X(5)=1.141
X(6)=3.01
kETURN
END

C .

C ' .

.0 SuohoUTINc. PU-2.59 IS PKuVJOiNG DATA F'N: BETA

C OA SIP Y,OUP 0.ELAYFP NFUTRON FPCm THIRMAL FISSION

C

211 SUvROUTINE Pu2( 1,100 V
212 :71MENSION 8(6). X(o)

213 3(1)=.0U.,0945r.,

214 6(2)=.0rAC:460
.

215 H3)=.00056970
.

216. b(4).=.00088020
'

a 217 8(5)=.00023220
218 8(6)=.000113d°
219 XU)=.0128
220 X(2)=.0331

_221 , X(3)=.124
222 X(4)=.325
223 X(5)=I.12
224 X(6)=2.64
225 ' RETURN
226 ;AD

C

.4

56

r
MK1.3740 ...

MK1
MK1
MK1
MK1
MK1
MK1
MK1
MK1

3750
3760
3770
3780
3790
3 OU
38.10

381.2

.

l ii

MK1 3830
MK1 3840,
MK1 3856
MK1 3860
MK1 3870
MK1 3880

kND
, MK1

LAMM).
3890
3900 .'

. MK1 3910
MKL 3920
MK1 3930

MK1 1940
MK1 3950
MK1 3960
MK1 3970
MK1 3980
,MK1 3990
MK1 4000
MK1 4010
MK1 4020
MK1 4030
MI51 4040
MK1 4050'

, MK1 4060
MK1 4070
,MK1 4080
'MU 4090
MK1 4100

0,
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,- C
D

.
\ MK1 4110

(. -0 THE MAIN PROGRAM IS TRYING TO CALCULATE THE COEFFICIMK1 4120

C ENTS Or INEK.UR FORMULA FOR ANY GROW) BETWEEN 1 TO 6 . MKI 4130

C
....

C
A

MK1 4140
MKI 4150r

227 SUBROUrINL ANHAW (XL,X.3,K,A,NN) , MK1 4160

223' DIMENSI )1 )(MN). 1 1N1.1. A(8) MK1 4170

229 ' 88=0:0 . k MKI 4180,-,,,..

-230 DO 10 I=1.NN a MKI 4190

.231 10 H8=38+0(1) MK1 4200

`232 .,11,20.R*Fla
MKI 4210

233 JJ=N1 +2 A MKI 4220

234 DO 20 J=1,JJ . MK1 4230

235 2.0 A(J)=0.3
r,

MK1 4240

C SEE .13:13 Fit,. NN=I MKI 4250.

236 GO To (30,40,50,6G,70,,a0), NN,, MK1 4260

237 30 CALL Cl (XL,X.8.RL.A.) MK1 4270
. ..

238 GO TO 90 MK1 4280

239 40 CALL G2 (XL.X.00:C.A) ° k
MKI 4290

240 GO TO 93 .s>

MK1 4300
.

1241 .0 CALL 6) (XL.X.6.kl.A) ...---MK1 4310 .

\242 GO TO 90 ..

MKI 4320

-243 60 CALL G4 1X1.7.X.B.d.) MK1 4330

244 GU TO 90 MKI 4340

245 10 CALL G5 (XLOGO,RC,A) 4 AK1 4350'

246 ..GU T) 90'
l. 'MKI 4360

247 30- C411. Go 1XL.X.307(C.A1 \ MKI 4370

248 - GO TO cl.)
MKI 4380

, I

'249 90 RETURN MKI 4390

250 ENO mK1 4400

C.
MK1 4410

C .
MKI 4420.

C su94uulNE GItG2.G3.G41G5IG4. IS DIRECTLXSALCuLATIMK1 4430

-.0 1'
.CgEFFICIENTS OF INHOUR FORMULA IN POLYNOMIAL FOITM IN- MKI 4440

C TAE ORDER CF THE SMALLEST DEGREE TO THE LARGEST . MK1 4450

C 0 -

THE'FeRm OUTPUT IS Al*W**.N -+ A2*w**(N-1) + A3*W*41N-2/ MKI 4460

C +
- + ,AN MKI 4470

C SEE EQW.TION 1.3.15 FOR THE GENERAL INHOUR FORMULA MK1 4480

C .
MKI 4490

C . suPPoRCIN,, Pcolim- A62052,A471A32,A22 AND MK1 4500

C
. XX.XY.XZtXU,XY,Ait 6-, ' MK1 45r0

C
MK1 4520'

C
MK1 4530

251, ,

252 ,

253,,
254 .

255
256
257

..S.UbROUTINE 01 .(L,X00041,1:)
6IMENS04 X(). M(1), m(3)
.0()=Xl
0(2)=0(1)+XL*)((1)-PC
w(1) = -P4 X(1)
RETURN
END

258 SUFRUUTINE G2 (XLIX,B.RC.W)
259 DI-0FNSIDN X12). 6(2),, w(4!
260 w(4)=1(1.

261 w(3).=xX(8.,2) CA*XX(X12)-R0

p

5?

MKI 4540

MK1 4560'
MKI 4570
MK1 4580
MKI 4590
MK1 4600

MK1 4610
,MK1 4620
Mk1 4630
MK1 4640



tf
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2Z1.2 W(2)=X1*AA1X82I+A62(8,X,82)-R0*XX(X82)-
263 WI1/=-R0 *AA(Xu2)
264 RETURN
265 END

266 SUBROUTINE 03 (xL,x,e,00,8i)
267 DIMNSION DI3/, dJ5)

268 .VI5I=XL
269 WI41=XXI9,3I+XLXXIX,31=m1

'.270w WI3I=X1*XY(X83I+A62I8,X,31-R00(X(X83)
271 -W12I=XL*AKIX,31+.15?Ib,X131-Re*XY(X13)
272 W(1) =-RO*AA(X,3).

,273 RETURN
.274 END

1275 t SUBROUTINE 64 IX1.0(01PCM
276 DIMENSION X14I, 13(4/, W(6)
277 WI6I=XL ..

278 5I5I.XX18841+XL+XXIX,41-R0
279 . W(4)=X1*XYIX,41+A62IPIX,4I-k0*XXIX84I
280 14(31=Xl.PXZIX,4I+A5201,X,4I-RD*XVIX14/
281 W(2)=X1*AAIX,4I+A42,(6,X,4)-RVX2IX,41

- 282 x1111 =-R,1*AAIX,4I

283 RETURN
' 284 END

285
286
237
288
289
290
291
292
293
294
295,

296
297
298
299
303
3,01

302
303
334
305
306
307

MK1 4650
MK1 4660
MK1 4670
MKI 4680 4

MK1 4690%
MKI 470
MK1 4710
MKI 4720
MK1 4730
MK1 4740
MK1 4750
MKI '4760
MKE/4770'

790
4800

1 4810
MKI 4820
MK1 4830
MK1 4840
MK1 485
MK1

SuetJurlmf_ 65 IXL,X0,8?Cos/
UINSIIN X(5), OA' ), wI/I
WI7I=XE -

viI6I=XX( 5)+X1*XXIX,I4' -RO

MK1 4880
MK1 4990
MKI 4930
MK1 4910

WI51=X14XYIX,51+Au2IB,X,5I-RC*XXIX,5I
MK1 4920

,8d4I=XL*X/IX,5I+A52IE,X,5I-PC*XYIX85/ MKI 4930.

6I3I=X1*XUIX,51+A42I8IX,5I-RD*X2IX85I
MK1 4940

WI2I=XL*AAIX,51+AS2I88X15Y-RC*XUIk,51
MK1 4950

WI1Ir.-R0*'AAIX,51
'MK1 4960

RETURN j
MKI 4970

END
MK1 4980

ABRJUTINE G6IXL,X;B,R1,10
MK1 4990

DIMENSION .XIoll BI6I,,mIdI
wI8I=XL .

MK1 5300
mK1 5310

WITI=XX01,6ItiC'ATX6I-A(
MK1 5020

MWI6I.X1*IX,6Y+A 418,X.,6I-P( +XXIX86I MKI 5)30

WI5)=X14,X2IX,61+AhMi',X,61-Rt..*XVIX861
iiI4I=XL*XUIX,61+A4216,X,6I-Ru*XIIX,61

MKI 5040
MK1 5u50

WI31=XL*XVIX.61+A37i68X,6I-kuAXUIX,61
MK1 5060

WI21=XL*AAIX,61+A2218,X,6I-RU*XVIX86I
.4

MK1 5370

-....WIII=-001,AA(X,61 ...-

MK 5,38.0

c

RETURN
:END

MK1 5390
mKL 5100
MK1 5110

C
MK1 5120

C FUNCTICN A62 f:UNCTIONAS : MK1'5130

C" A62,. Pl*IX2-+X3+X4+...I + (32*(81+83+11.4+..../ + MK15140

C

83*(81+820:3+34+.::) + IN THAT COMBINATIONS,. ,MK1 5150
M1 5160
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C MK1 5170.

308 EUNCTIUN A62 111,X.MI
. MK1 5180

'309 DIMENSION X(M), AX1161, 131K49 w(6) MK1 5190
(510 A62 =0 ..0 MK1 5200
(
311 DO 20,1=1.M . MK1 5210
312 0010 J=1.M e MK1 5220

.- 313 10 AX11,1) =X(J) MK1 5230
314 AX1(I) =0.0 MK1 5240.
315_ W(1-=5(1)*XMAXI.M1 MK1 5250

aft
316. '20 A62=A6 +W(I) MK1 5260
317 RETURN _MK1_5270'
.318 END :.

MK1 5280
C

i 'MK1 5290
C . MK1 5300 .

C'i ,, -A52 IS ALENAT THE SAME THING AS A62 IN IT'S FlAcTIHNMK1 5310
C .'EXC,:PT THAT XI = YI*Y2 WHICH THE POSTSCRIPT NEVER qi: MK1 5320 .

C EQUAL :NI: 1E4 E1RSI LHAPftCTER POSTSCRIPT IS ALWAYS MK15330
'C SMALLET: THAN ""C tXI . MK1 5340
C

.
,

og MK1 5350
C MK1 5360

319 FUNCIIHN 52 11,X.A1
320 DIMENSION )(MI. AX2(:), aft. w(E)
321 A52=0.0
322 DO 20 1=11.---N
323 DO 10 J-1,
324 10 AX21,11=X(,1)
325 AX2(1)=3.0
326" w(1)=E(I)*XY(AX2.M1
'327 20 A52rA52+Al)
328 RETURN'
329 END

C

C

c

MK1. 5373
MK1 5380

'MK1 5390
MK1 5400
mkt 5410
MK1 5420
mKI 5430
MK1 5440
MK1 5450
MK1 5460
MK1 5470
MK1 5480
MK 5490

Ou AS Au? EX( 'T ITS ADDITION OF THREE CHARACTER .MK1 5500
MK1 5510
MK1 5520

333 EpNcrioN 442 (R,X.;,)
.

331 . DIMENSION X1E11, AX3(c:), ,(m)..4161
532 A42=0,0
333 00 2,0 I=1,M ...

334 ' lit 00 10 J=1.M
335 1 AX3(.11=X(.1)

' 336 AX31I)=0.0
337 Ei11)=1(1)44XZ(AX3,M)

338 20 A4p:A42+wTI/
339 RETURN.

' 340 ENO
C ,

C.

C . -0E0 AS A62 EXCEPT tHARACTEr ADDITION IS FOIW,I.
C

e,

C

59

MK1 5530
MK1 5540
MK1 5550,
MK1 5560
MK1 5570
MK1 5580
MK1 5590
MK1 9600
MK1 5610
KK1 5620
MK1 5630 2

MK1 5640
MK1 5650
MK1 5660
MK1 5670
fiK1 5680



4
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----''
341 ...!, FUNU.PON A32 (1,X,MI
342 ovieNsroN XIM), AX4161,
343 A32=0.0
344 00 20 1=1.0
345 -oo 10,J=.1,0
346 0 AX4(J)=X101
347' AX4111=0.0

.

348 W111=8111*XU(AX4,M)
34 20 A321=A32+W(I)

rl .END

RETURN ,

.--

- 55.- ,

LS'ZM),.1416)

p

- AS A62' EXCEPT ADOITILN CHARACTFR,1S FIVE .

p

MKL 5690
MK1 5700'
.MK1 5710
MKI 5720
MK1 5730
MK1'5740 .

MKI 5750
MK1 5160 .

MK1 5770
MK1 5780
MK 5790
MK1 5800
MK1 5810
MK1 '5820
MKI 5830
MK1 5840

352 , FUNCTION 422 110(0/
35,3 DIMENSION XIM), AX5I61, a(m), W16)

h. MK1 5860

354 422=0.0
y MKI 5870

, .

355 DO 20 1=1,m ,

MKL 5880

356 DO 10 J=I,P
( MKI 5890

357 10 'AX5IJI=XIJI
v MK1 5900

',358 , AX5(I) =0.0 -

MKI 5910

359 K111F8I1),'XVIAXt,,P1
MKL' 5920

360 20 A22=A22.W111
i '01 5930

361 RETURN .('.,

MKI, 5940

362 END . MK1 5950

C
MK1 5960

C
MKL 5970

C
... X-X IS LOmPUTIG.THE IIINTAll OF X MKI 5980

C XX = (X1.1.X2tX3fX4+.:'..* +MI 1 ' MKI 5990

C.
MK1 6000

C
MK1 6010

I ';'

363, FUNC11uN XX IX,6
MK1 6020

364 C1MFNSION X(M) .
MKI 6030

365 XX=1.0 's:-., MK1 6040

366 00 14 I=1,M
MKI 6050

367 1t XX=XX+X(1) ,,

MK1 6060

368 , RE

0

TORN . MKI 6070

36') END l' .

. MIZE 6080

C
MKI 6090

n
C

:,, MK1 6100

-XY IS C1'41011No THI ADOITIoN (F fwc PPonurp . MKI 010

C XY = IXI=X2+X1 *X3.-X1xS(44 +x2X34X2*X4+.....) MKI 6120

4

c rHE FIPST PcSTCRIPJ AlvilAYS'SMALLI-* THAN THE W.(1.-/ MK1 6130
r

'C
1

. MKI 6140,

C
S

,
.

MKI 6150

310
371
372
373
374°
375
376

PUNCTIcm XY
0IMNS161 X(M)
XY=.0.0
Po 20 1=1,M
I)C 20 J=1,14-
A =X(I)
-13=X0/

1

60

r

C

MKI 6160
MK1 60:0
MK1 6180
MK1 6190
MKL 6200
MK1 6210
MKI

Air



I

r

1

0,

377
378
379
380
381

10

20

- 5 6 -
IF (IJ) 10,20,20
Y=Asti

XY=XY+Y
CONTINUE
RETURN

MK1 6230
MK1 6240
MK! 6250
MKI 6260
MK16270

382 A END
MK1 6280

C.
MKI 6290
MK1 6300

C
010 AS XY FXCEPT IT IS A PRODUCT OF THREE . MK1 6310

C
MK1 6329

C
MK! 6330

deg`

383 FUNCTION IcZ (X,M)
MU. 6340

384 DIMENSWN XTMT
MK1 6350

385 XZ=0.0'
MKI 6360

386 00 30 1 =1,m
MK1 6370

387 00.30 J=/,M
.MK1 6'380

388 DO 30 K=1,M
MKI 6390

389 A=X,(1)
MK! 6400

390 8=X(J)
MKI 6410

391 C=X(K)
MKI 6420

392 IF (1J1 10.30.30
MK1 6430

393, 10 /F (JK) 20,30.30
MK1 6440.

,.394 20 Y=A1,8*C
MK1 6450

395 XZ=XZrY
AK/ 6460

396' 30 CONTINUE
MKI 6470'

397 RETURN
MK1 6480

398 END
MK1 649'0

C
MK1 6500

C
MKI 6510

4 ..0 ... v.
Of-U AS XY EXCEPT FpR PRODUCT OF FOUR . MK1 6520

.1%

C
MK1 6530

C
MKI 6540

399
; f

.

FUNCTION XU (X.)')
MX! 6550

400 DIMENSION X(M)
MK1 6560

401 XU=0.0
MKI '6570

402 DO 40 1=1.A
MKI 6580

403 DO 40 J=1,1q ',

MK! 6590

404 DO 40 K=I,M
MK1 6600

405 DO 40 1=1.M ,
MK! 6610

406' 4 A=X(f)
MK1 6620

407 8 =X(J)
MK! 6630

408 C=X(K)
f MK1 6646

409 D=XIL)
MK1 6650

410 IF (IJ) 10.,.40
MKI 6660'

411 10 IF (JK) 20,40,43
MKI 6670

412 20 IF (KL,) 30',40.40
MK1 6680

413 30 Y=A=3#T*0
MK1 6690

414 XUAUrY
, MKI 6700

415 40 CONTINUE ,
. MK' 6710

416, RETURN
MK1 6720

417 ENO ''
MKI 6730'

C
MK1 6740

C
MK! 6750

C E0 IXCEPT ITS AN DOITION OF MULTIPLICAT1)N OF FIVEMKI 6760

C
MK1 6770

C ,
MK1 6780'
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41d
419
420

7
- 57 -

FUNCTION XV (,X.M)

DIMENSION,X(M)
XV=0.0

421 DO 50 I=1,M 0

422 00 50 J=1.10

423 DO 50 K=1-,M
424 00 50 L =1,M

425 00 56 N=1,06
426 A =X(I) -

427 B =X(J)

428 C=X(K)
429
410 E=XINI
431 IF I )I-J

432 10 IF (J -K) 20,53,50
433 20 IF 30,50,50

434 30 11 IL-Ni 40,50,5)
435 40 Y=A*8*C*O*1
436 XV=XV+Y
'437 50 _CONTINUE r

41-8 1.2IFE (6,60)0XV
439 60 FORMAT (2X,7WXV = 1F19.)0)

440 RETURN
441 END

.0

C
C AA IS COMPUTING MULTIPLICATION OF N CHARACTER

'AA = X1*X24-X3=X4* *XN

442
443

..444
:445
446
447
,448

10

C
C

C

C
C
C
C
C
C

FUNCTIUN AA bX.M)
DIMENSIT1
AA=X(1)
DO 10 I=2,M
AA=AAvX(I)
-RETURN
END

MK1 6790

:8
J MK1 6820

4.11P1 0100

MK1 6830
MK1 6840
MK1 6850
MK1 6860
MK1 6070
MK1 6880
MKI 6890
MK1 6900
KI 6910M
MK1 6920
MK1 6930
MK1 6940
MK1 6950
MK1 6960
MK1 6970
MK1 6980
MK1 6990,
MK1 7000'
MK1 7010
MK1 7020
MK1 7no
MILL 7040

. MK1 7350
MK1 7060
MK1 7070'
MK1 7080

F('4IW P. X N MATRIX by HANSEN METHOD G - VAT.RIX .

THt FLPST CCLUMN THE FIRST ROW AND THE DIAGONAL e 0,
THE ktST 'IF THEM = 0 .

SEE LOUATICN 1.4.15

SUPVIPTING PUUTINC. NOW. .
2

MK1 7090
MK117100
MK1
MK1
MK1
MK1
MK1
MK1

MK1
MK1

7110
7120
7131
7140
7150
7160
7170
7180
7190

MK1 7200
MK1 7210
MK1 7220
MK/ 7230
MK1 /240
MK1- 7250

449 SU6ROUTINE GMTFX tr,f$,X,X1,i0j,N,1;,G)
MK1 7260-

450 OIMENSNN t;(6); X16), uIN,N1 IP. MK1 270'

451 GDIAX,14)=LX0( -AX*H)
MK1 7280

452 .GH( RBLr%3,H,AX)=TIFXPIA,*H)-tXP(P6L*H))/(14U-RbL))*AX
4K1 7290

453 GVIXL.WL,H;AX,hX)=IIIXPIwC*HI-GOIAX,H))*EXIPI(w0+AX)4XL)
MK1 7300

.

454 Riik,t1X)=IR-0X)/Xl.
MK1 7310.

'*
455 =0.0

.
MK1 7320

456 NN=N-). .

MK1 7,330

457 DO 10 I=1,NN
MK1. 7340

4
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: 458 10 88=88+81I) ' MK 7350

.459 9.0-150 J=I.N MK 7360

' 460 DO L10 JJ=I,N MIS 7370

14-.461 4-1-=',
MKI 7380

1 462 R8L=RM.R88/
,463 IF 07.1J/ 20,60,20 til 77:gg.

464 20 IF 14-1) 30,5013U r r41 7410

.e465 30 J1=.1J+1
466 IF (JJ-N1 50,40,50

Mr 7420

467 40 IF (.1=N) 120,80,120' t

......__31 7430

468 50 , Al0.X(J1-1/ .
1*11.7! 7450

469 ''''J GU TO 90 AK' 7460

470 60 IF (J -1) 80,7%3,83 41(1 7470

471 70 G(1,1)=EXPIRW,46)*H) OKI 7480

^1 472 GO TO 140
r473 , 80 AX=X(J-1)

OKI 7490

474 GI.J,JJ)=GDIAX,H)
0

;MKI
Mg

-475 GO TO 140 /MK' 7520

476 90 IF IJ-1/ 110,100,11( I MK1. 7530

477 100 GIII,941=GH(R8LIWO,H,AX/ I MK1 7540

478 '' GO TO` 140 i MKI 7550. ,

479 110f IF (J4-1) 123,138,120 I 5MK1 7560

480 120 GFJ.JJ) =0.0 41,
MK1 7570

481 GO TO 140 MK1 7580

482 130 AX=X(J-1) MKI 7590

483 BX=B(J-1) '

MKI 7600

484 G(.1,1/=GV(XL,40tH,AX,8X) ' MKI 7610

445 140 4CONT/NUE
, MKI 7620

486 1..1 MKI 0.763

`C NRITE(6,144)(G(I,11),Ilil,N) MKI 7640

C 144 FORIaTil**',2iE10.3,2X4 4,,14r*,) MKI 7650

7 48T. 150 CONTINIA
488 RETURN

MKI 7660
MKI 7670

489 END MKI 7680

. C t
MK1 7690

C
.i. MKI 7700

C MULTIPLY THL G - MATRIX WITH THE INITLAL VECTOR COLMKI 7710
TO GET THE NEXT uNE , ITFRAT10*.C

MKI 7720

SEE,EQUATICN 1.4.3-,' "'C
MKI 7730

C .
MKI 7740

C
,, MKI 7750

. - 0

490 . SUBROUTINE GXN (q,q12N,GX4.--
491 DIMENSION G(N,N), XN(), GX(NI
492 DO 26 !=1,N
493 G6=3.0
494 DO 10 J..-rioN

495 10 CG=GG+G(I/J)on(J) - -
49`6 20 GX(I)=GG
497 , RETURN

.

# *

498' END --
C

C

C
C SUBAJUTINE PO LMT

C PURPOSE
C CCMPUTLS THE REAL AND CGAPLEX ROOTS OF A REAL POLYNOMIAL
C a

X

63

*s.

.4

MKI 7760
MK1 7770
MK1 7780
MK1 7790
M)CI 7800
MKI 7810
MKI:7820
MKI 7830
MKI 7840
MKI 7850
MK1 7860
MK1. 7870
MK1 7880
MK1 7890
MK1 7900
MK1 7910.
MKI 7920



1

499
500

C
C
C

C
C
C

C'
C

C
C

C

C
C
C
C
C
C

C

C
C

C

. C

C

+ C.

C

C

- 59 -

USAGF "
CALL POLMTIKCCE,C0P,M,ROOTR,ROOTE,IER,M1)

DESCRIPTIJN OF PARAMETERS
XCOF -VECTOL Gi .41 COEFFICIENTS OF THE POLYNOMIAL

0ROZ4E0 FROM SMALLEST TO LARGEU POWER

COE - WORKING vVE.TOR OF LENGTH 141

M -ORDER.UT POLYNOMIAL,
- ROOTk-RESULTANT VECTOR JF LENGTH M CONTAINING REAL ROOTS

OF THE POLYNOMIAL
FICOTI-RESULIANT VECTOR UP LENGTH M CONTAINING THE

CORFESPONDING IMAGINARY ROOTS OF THE POLYNOMIAL'

IER -EFeCR CLUE VEIERL
IEK=.0 No ERKE'R:'

IER=I F LESS THAN ONE
6 IER=2 m GREATER THAN 36

(Ei =3 UNABLE TC DETERMINE ROOT WITH 500 ITERAT13NS

ON 5 STARTING VALUES
1E4=4 HIGH ORDER COFFFICIENT,IS ZERO

01 '-NUMBER OF COEFFICIENT M+1

REMARKS
LIMITED To 36TH oRDER POLYNOMIAL" OR LESS.

.FLJATING P)INT LIVERFLOw MAY OCCUR FOR HIGH ORDER
PlLYNOMIAIS 401 WILL NOT AFFECT THE ACCURACY OF THE

RESULTS .

SUBROUTINES AIL FUNCTION SUB ROGRAMS REQUIRED

N)NE

NE4TON-eAPHSON ITERATIVE TECHNIQUE. THE FINAL ITERATIONS

Phi EACH RIOT. ARE PtkEfiRmED USING THE ORIGINAL POLYNOMIAL

RATHER THAN THE REDUCED POLYNOMIAL TO AVOID ACCUMULATE-,)

ERRORS IN THE REDUCED POLYNOMIAL.

MK1 7930
MKI 7940
MKI 7950
MKI 7960
MK1 7970
MK/ 7980
mK101,7990

MK1 8000
MKI 4)10
MK1 4)20
MK1 3030
MKI 8u40
MK1 8350
mx1 4060
MKI 80701
MKI 8080
MK1 8090
MK1 8100
MKI 4110
.MK1 8120
MKI 8130
AK1 8140
MKI 8150
MK1 3160
MK1 3170
MKI 8180
MKI 8190
MK1 8200
? -K1 8210

MK1 8220
MK1 8230
MKI 8240
MKI 8250 "
MK1 8260
MK1 8270
MK1 8280
MKI 8290

cA

SUBROUTINE POLt\T (XECF,LUF,m,k0bTR,ROO1E,IER,M1)
MKI 8300

DIMENSION XCOF-Ik1), CoT(M1), moOTR(m), ROOT1ImI MKI/1310

C DOWLE PREE1aION X0,Yr,X,Y,xPk,YPR.UX,UY,V,YT,XT,U,XT2,Y12,SdmS,.?,
MK1 8320

C 1 DX,DY,TEMP,ALPHA,CABS
MKI 8330

C '

MKI 8340

C.
- NK1 8350

C .
IF A-DOUBLE PRECISION VERSION OF THIS FGHTINE IS DESIRED, THE MK1 8360

C

C

1.. .

C

C
C

e C

C

C

C IN COLUMN 1 SHOULD BE kFmOVED FROM THE DOUBLE PRECISION

STATEMENT WHICH FOLLOWS.

DOUBLE 04ECISIoN KCCF,CoF,.zOOTR,ROCTI
..

.
. .

.

(HE C MUST-ALSO Bt. REMOVED FROM DOUBLE PRECISION STATEMENIS,

APPEARING- IN OTHER ROUTINtS USED.IN CoNJuNOTION WITH THIS

ROUTINE.
THE OOUELE PRECISION VERSION MAY 8 00P-IED BY CHANCING THE

CONSTANT IN STATEMENT 78 TO 10D-12 AN IN STATEMENT 122

I.CD-10. 'THIS WILL PROVIDE HIGHER,PRECISION RESULTS, AT THE

COST OF,EXkUTION -TIME

64

MKI 8370
MKI 8380
mkt 8390
MKI 8400
MK1 9410
MK 1 ,..8420

MKI'8430
MK1 4440
MKI 8450
A4K1 18460
MK1 8470
MK1 8480
MKI 8490
MKI 8500



i. N.

- 60 -

501 IFIT=0
MKI 8510

i 502 N=M
MK1 8526

1 503 LER ;0 ' .

MK1 8530

504 .
IF IXEOF(N*1)) 10,40,10

MK1 8540

505 10 IF INY 20.20;60 r
MK1 8553

C

: MK1 8560

C .
SET ERROR COPE TO 1

r , MK1 8570

. C

MKI 8580

506 20 IER=1
MK1 8596

507 30 RETURN
. MK1 8600

C

, MK1 8610
-,

C SrT ERROR GI DE TO 4
MK1 8620

C - 4c

,. MK1 8630

508 40 tv=4 F.
MKI 8640

.509 GO TO -30
HK1 8650

C ,

MK1 8660

C. SET ERROR CLOE Ti' 2
MK1 8670

...( C
MK1 8680

510 50, IEP =2
, MKI 8690

511 GO TO' 30 .
MK1 8700

512 60 IF IN-361 70,70,5Q
MKI 8710

513 70 NX=N
MK1 8720

514 NXX=N+I
MK1.8730

515 N2=1
MK1 8740

516 KJ1=N+1
MK1 8750

517 DO RO.L=1.KJI
MK1 8760

518 NT=KJ1-0-1 .

M1(1 -8.770

519 00 CoF(mT)=XCtIF(L)
MKI 8780

C

MICI, 8790

C SET 1,1111AL VAIUES
MKI 8800

C

MK1 8810

520 40 Xo--.Jo!)001u1

, MK1 8820
0 0

521 YU=0.0103U101
MKI 8830

C
MK1 8840

C ZEPG INITIAL VALUI CLINIc s
MK1 .8850

r
C ,

MKI, 8860

522 114=0

MKI 8870

523 100 X=X1 .
MK1 8880

C'

MK1 8.890

$ C
1NCREMENT.rITIAL VALUES AND COUNTER

MKI 8900

C
MK1 8910

524 XO=-1GP,Yc p'
MK1 8920

525 Y0=-1t;.)*X
MK1 8930

C
MKI 8940

C SE-T X AND Y WLUhi.irNi VALUE
MK1 8950

C .

MCI 8940

_526 X=X1
MK1 8970

527 Y=YJ ,I,

MKI 8980

, 528 IN=IN+1,
MK1 8990

529 GO EJ 120
MKI 9000

530 110, IFIT=1
MK1 9010

AI XPP=X'
MK1 9020

532 YP.I=Y
MK1 9030

C
MKI 9040

.0 EVALUATE PuLYW.;,,IALAND DERIVATIVES °'
MK1 9050

C
MK1.9060

533 110 icr=3 "
4)&--,7 MK1 9070

534 130 UX-13.0"
MK1 9040

.535 LIY-10.0
MKI 9090'

536 V=0.0
MK1 9100

f

4.

t

1



A
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.537 YT=1.0°'

538 XT=1.0 '-

539;, U=C9rIt4+1/
543 IF ILI/ 140,27v.14C
541, 140 On 150 I=1,N
42

545
546 =O+TE:9,*.XT2

YT2=X*YT+Y-*XT
4_4

TEMP=COFILI
544k XT2=X*XTY*YT

2 L=NI+1
43

547 v=4 +TEMPsYT2

548 ,Fl=!
549 UX=UX++1=X1=1-FmP
550 UY=0YF10/T*TEmP'
'551 XT,=XT2

552 150 YT=YT2
553 *SU4S,I=UX'tUX+UsetUY
554 IF ISUMSQ/ 160,G3°,1tO
555 160 OX=(1/*UY-11g,UX)/SUMc4.)

556 X =X +JX

557 DY=(U*UY+V*UX)/SUMSJ
558 Y=Y+OY -

559 IF (A8S(0Y)+A3SIOX)-1.0L-5) 210,170,170
C

C STEP ITEKATIt (MINTER C
C

560 170, ICT=ICT+1
561 IF (ICT-500) 130,ImC,IdC
562 180 IF (IFI) 21J,190,210
563 190 IF (IN-5) .100,:)0,204)

C

C:t SE1 ERkOk CT( Tr` ?

564 200 IEP=3
565 GO TO 30
566 210 DO ?2: L=1,NXX
567 MT=NJ1-1.+1
568 TEMP=XCOF(MT) ;

569 XCOF(MT)=CCF(L)
570 220 COFAL/=TFMP

,571' ITFMP=W
572 N=NX
573 - NX=ITEmD
574 IF (IFIT) 250,110,250
575 230 IF (IFIT) 240,100,240
576, 240 X=XDR
577 Y=YPR
578 250 IF11,40

579 IF 1A8SCl/-1.0"4tAS(X)f 1.80,26C,,26
5001,1 269 AEPHA=X+X
581 SUMSQ =X *X +Y *Y

584 270 ,X=6.0

582 N=N-2 r

583 '00 TO 290

585 NX=NX-1
586 NXX=NXX-1
587 280' y.o.o
588 SUMW=0.0
589 ALPIT.A=X

'

590 N =N -1

46,

r

r 6 6'

.-

T

MK1 91-11)

MK1 9120
MK1 9130
MK1 9140
MK1 915J
MK1 9160
MK1 917
K1 918b
MK1 91,93
ms1.1 9200

MK1 9210
yt, -MKI 922t)

MKI 9230
'41/4 441(1 9240

MK1 9250
4KI 9260
MK1 9270
MK1 4280
MK1 9290
MK1 9300

0 MK1 9310, ...._
mkl 9320
MK1, 9330
MK1 9340
MK1 9350
MK1 9360
MK1 9370
MK1 9380
mK1 9391
MKI 9400
mK1 9410
MK1 9420 11
MKI 9430
MK 9440
MK1 9450
mK1 9460,
MK1 9470
MK1 9480
MKI 9490
MK). 9500'
MKI 1510
MK1 9520
MK1 9530
MK1 9540
MK1 9550
MK1 9566
MK1 9570
MK1 _9580
MKI 9590
MK1 9600
MK1 9610
MK1 9620
MK1 9630
MK1 9640
MKI 9650
MK1 9660
MK1 96.70
(11(1 9680

MK1 9690
MKT 9700



d

t

591
'592
593
594

290

300
595 .310"

596
597
598
599 32Q
600
601

I 602 330
- 603

C

C

Of
C

C

C

t-
C

C

C
C

CpF(2)= COF(2) +ALPHA$COF(1)
IF IN.E0.0, GO TO 310
150 300 L=2;N
COF( L+1)=C0F(L+114ALPHA*C0FULI-SUMS0*COF(C-1)
R00TI(N2)=Y
ROpTR(N2)=X
N2=N?.+1
IF (SUMO) 32o,330,320

SUE6J=0.0
GO Tel 310
IF (N) 30,30,9)
NO

MK1 9710
mK1 9729
mK1 9 730 .

MK1 9740
MK1 9750
MK1 9760
mK1.9770
MK1 9780
MK1 9790
MK1 9800
MK1 9610 .

MX1 9820
. MK1 9833
MK1 9840 ,, .

MK1 9850

'
MK1 9860

SUBROUTIN( JPLOI CIS SINGLE PRFCISION PLOTTING 5 DIFFERENTmK1 9870.

VARIA3LES , ASSUPINI., CONSTANT TIME INCREMENT BETWEEN TWO' . MK1 9880

- EVENTS .
MK1 9890

SuPPORTING KLUTINE NONE
-

WU, 9900
MK1 9910

, MK1 9920 ..,-

MK1 9930
MK1 9940

604
605
606
607
608

Sutr,)uTIE TPLJT 11,1,142,m6,09,m0,Jx)
IMPLICIT REAL'4(A- 11,1, -L)
OfilFNsIFIN P8(JX), mo(JX), ktG(JX), m1(.1)(1,

OimE.,SI LINF(/.11, hum(9)
IMFGFR ,MI ,s Oa

M2(JX)

609 READ (1,,AC) PL,PI,ST,14L,S1.,S9,50,81,52,56

610 MxY=0.;
611 mINO.o. .

612 -miN2=0.0

613 MIN8=0.0
614 miN9=0.0

615 PH1,3=0.0

'616

S. 617 PHI(3=0
618
619 DO 10 I=1,JX
620 IF (mINO.GT.m,(I)) YINJ=m0(f)

, 621 IF(m142.GT.42(I)) MIN2=m2I)
622. IF (mI%8.0T.48(I))..44NJimblI)
62 t IF (MIN9.(J.m9(1)),MIN9=4,/(1)
6?4- IF (ABS(40(1)).CI.P1110) PHIJ=ApSI4J(11) r

625 IF 1ABS(42(I) I.Gr.PH1-21 Pm(2'=6oS(942(111'

.626 IF (ABS('48(I)),.GT.Pm18) Pm18=ABS(M8III)
6

627 IF WS(4911)).GT.PH19) PHI9=ABS(M9(I))
° 62d 10. CuNTINuF

629. JJ=JX . 0

630 4J0=J46+1
631 JJ1=JJ+1
6312 wRIPE (6,901
633 wkITE (01N)
634 PHIO=P4I3+A8S(mINJc
.63?; , 0m12=PHI214.0SWIN2)
636 pi,18=Pm18+ABSI4IN3) st

637, Pmi9m'PH194-A8SIMINo) f

.

,
4,

km

mK1 9950
MK1 9960.
MK1 9970
MK1 9980
MK1 9990
MX110030
MK110010
MK110020
MK110030
MK110040
MK110050 /
41(110060 .."

.

MKILOOTOr .

milowav-
MK103090.
MK110100
MK110110
-mK110.120
MKI10130
MK110140
mK110150
MX110160
MK110170
MK110180

tMK110190
MK110200
mr(110204
mK40220.
MK110230
41(110240'
MK110250
41110260
M19.10270
(f,MK 10280

,

. .



; '

110

638
639
640
641

-642

- 63 -

DO 2J I=1.JJ
IF' (MINO.I.T.0.0 (1).40(11+A6SIMIN07

IP-.1M1N2.1.,Z/0.01 m211)=211)+ABSIMIN21
IF (MIN8.12140.01 m411)=h811)+A8S(MIN8)

IF (MIN9.11.0.0) m4(1).m9(1)tA8SIMIN9)

MK110290
MK110300
MK11031.0
MK113320
MK110330

643' M0111=M0111/PHIO
MK1I0340

644 M2111=M2(I)/PHI2
'MK110350

645 M8III=M8II//PHId
MK113363

.646 20 M9111=M9111/PHI:
MK 11')370

647 U0 3i;141,9
MKI10340

648 30' 11+1(r411)=1
,. MK 110390

649 KRIll 16,110) (INUMII)1=1,9)
MK110100

650 00 70 1=e.JJ1
MKI10410

651 IP (1.10.1) GO 10
MK 110.420

652 mXY=M111-11 .

MI1/4110430

653 rP8=1811-1/*60+1.0
MK 110440

65. 109=49(1-1/*6C+1.0
MKI10450

,655 1PL=4C11-11*60+1.0
$K110460

656 1R2=M211-1) *60+1.6
MK11047C

-657 DO 40 11=1.56,5
MK110480

659 LINE(I1) =8L
MK110490

659 DO 43 12=1.5
MK111W

660 13=41+12
MK113510

661 IF III.EA.IPJ1 11Nt1111=50
'mtuuwq

664/ IF 113.E0.1P31 1.1kr(111=50
MK113530

663 IF (11.00.1P2) lito:(11).s2
mKI10541

4 -IF 113.1-0.1P21 IINI131=S2
mK110t50

665 IF II1.EQ.IP31 IINLIIII=S1
MKI10560

,t,'"666 113.F0.11,d1,11;H111=s1
MK 110570

66,7 IF 111.10.11'91 11n1-1111=59
K113580

668 IF (13.F0 1P91 1IrF.1131=S0
mK110590

,669.
670

40 LUNTINu
LINFI611=PL c`A-

mKZ40600
PK110610 1

'671
(-

111=1-1
MK11062C

672 " IF( 1, .F0.100) LIr.r1)=S0
mK110630 t

675 IFII .EQ.IP21 LIv1111=S2
MK110640

674 1F(1 .10.1P8) LIN,P(11=S1
MK11065b

675 IF(1 LIYAI) =S5 ,

MK111660

676 IFIIRO.F0.f1/LINC(61) =0
mK110670

677 IFIIP2.E0.611LINE(61) =62
MK110680

678 IFIIP8.E0.611LIN1-1611=SI
MKI10690

679 TF(IP9.E0.61)LINTI611=69, .
0K110700

680 IFItPg.NC.F.Uk.IP6.Nt.l.n1/4:1R3.W.I.GM.192.NE.1/LINL11/=,PL
mK110710

681 wRITE(69120)AXY,ILINIKK),KK=1,61)
MK113720

682 IFII.F0.JJ11 GO TO 70
MK113730,

683
684

0 50 CONTINUE
DO 60 11=1,,6,5 -e

MK11,0740 t

mK111750:

685 DO 6J 127:195
4110760.

686

I f

L3=11+I2
MO10770'

687 LINEII31=81_
mK110780

488 60 CONTINUF
MK 110791

689 70' CONTINUF
MKIIW9

690 WR1TE16,130111Num(1),1=1041
MY.1 J810

691 wRITE16.15C/P1.0.1,51:P1.511S9,S0IS1.62,S
MK11(1320

'6n wRITE16.160/
693 WRITF 16,1401

MK110840

694 )30 FORmATII1A1I
miloaso'

695
696

70

100

FCIRMAT(,11)
FORMATI35XORLATIVE DErSIfY,I It

MK.110160
MK110870

'697 118 FOFMAT 117)(1912111.1 1/,14)(11011± 410+1/ MX 11-)880

68

lir

si

,

a



?.

,

la

q

01-

a

- 64 -

.698 120 FORMATI1WTIMEsIX.F7.3,1X,61A1/ MK110890
699 130 F.ORMATII4XtIO1'+ 1/04-',/t16Xt9I3X00.',I1// MK110900
700 140 'NRMAT ('1'). MK110910

'701 150 FOPMATI1,5X0INPUT CHAI./ACTER ',UAW/ MK110920
702 163e FCRMAT(' ',/,15X,' P POWER',/,15X0 L MK110930

< L,..:G. OF POWER', /715X,' 14 PkECURSOR DENSITY', /,15X,' R REACTIVMK110940
<ITV't///t1bXONEUATIVE. VALUE PLOTTED WITH THE AXIS IN THE CENTERI,MKI10950

i <///// MK110960
103 STOP MK110970
704 END MK110984'

' //DATA

0'

r

es

IS

a

4

a

\

.
69

i



ti

11.******4********************** KINETIcs-ajlE 1 ********************

!-41*****************
INPUT PARAMETER

*******************

'TYPE OF FUEL. 11-.239
.

NUMBER OF DELAYED NEUTRON = 3

NEUTRON OENERATUDIJIME = 0.00010 ISEC)

TYPE OF REACTIVITY =

RO= 0.250 32 = 5.00000

TOTAL TIME USED = 1.000 (SEC) , TIME INTERVAL = 0.010 (SEC),

OUTPUT OPTION = 2

INITIAL RELATIVE FLU' --- 1.)00

*******,,* END OF INPOf DATA ***=******
111

SIX '4ROUP LAMBDA ARE 0.0128 0.3301 0.1240 '0.3250 1.1200 2.6900
v.

SIX GROUP hFIA ARE 0.0,J(09 0.00080 0.00057 0.00088 0.00023 0.30012

.
THE \VERAGE BETA AND LAMDA

8( 1.,/.= 0.30000 LAMBDA( 1) = 0.02636

BC 21= 0.06145 LAMBDA( Zl = 0.19854

BC 3); -61400035' LAMBDA( 3) = 1.39571

COEFFICIENTS OF 1NHOUR FORMULA

.



sr
54,14,

O

A( 11 = -0.0000E 00

A1.2) = 0.3C51E-03

A( 3),= 0.3606E-02

A( 4) = 0.2862E-02 4

A( 51, = 0.10)0E103

4
THE LARGEST El0EN-VAL0:7 = 1.000 Z1 00

, NO TIME R POrstR 3 GROUP OFLAYEO NEUTRON
I ) (skc)1 (s) ( ) (RELATIVE)

t

1 0.000" 0.11003E 01 0.3411E,03 0.7303F 02 0.25151 01

THE* G- MATRIX

II

0_

'0.7634E 00 0:2310E-03 0.1140E-01.4; o.12231-01

"0.8991E-0i 0.9997E 00 3.0000E 00 J.00001 00

0.1448E 00 J. 00 001 TJ J.99e0( .00 0.0000F OQ

0.3486E-01 0.00J0E 00 0.00CuF OJ 0.06611 00

2

3

4

5

7

8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

0.40
0.010
0.020
0.030
3.040
0.050
0.060
0.070
0.386
0.090
0.10_0

-0.110
0.120
0.130
0.140
0.150
0.160
0.170
0.180
0.190
0.200
0.210
0.220
0.230
0.240
0.250

J.') 0.10.10E 01 0.3411E 03 U.73C3E 02 0.2515E 01
0.01 0.1093E 01 1.3411/ 03' 0.7303E 02 0.2515E 01
0.02 0.1003E 01 0.34111 03 0.7303E 02 0.25151 01
J.04 -0.1C1,t vI 0.34111 03 0.7303E 02 0.25151 01
0.05 0.1024(-.01 0.34111 0.7303E v2 0.25161 01
1.06 0.1..33E 01 J.34111 03 0.7303E 32 0.2517f 01
0.07 0.10431 01 0.34111 03 0.7304E 02 0.2518E 01
0.09 0:1055F.C.1 0.34111 C3 0.7304E 02 0.25191 01
3.1) 0.10661 CI 0.3411C C3' 0.7305E 02 0.25211 01
0.11 0.1078E 01 0.3412F 03 0.7306E 02 0.25231 01
0,12_ 0.1C91E Cl 0.34121 03 0.73071 02 0.25261' 01

0.13 0.11031 CI 0.3412E 03 0.7309E 02 0.2529E 01

0.14 0.1116E 01 0.3412F 03 0.73101 02 0.2532E 01
0.15 0.1129E Cl 0.34121 03 -0.73'12E 02 0.25-361' 01

0:16 0.11431 01 0.34121 C3 0.7314E 02 :2540E 01
0.17 8.115,3E Cl 0.3412E 03 .0.7316E 02 0 545E 01
u.18 0.1169E cl C.3412F 01 0.7318E C2 0.25 OE 01
.3.49 0.1182E 01 03412E'03 0.73201 02 0.25 5E 01
0.2.) 3.1195E CI .0.34131 C3 '0.7323E 02 0.25611 01
023 4.1207, CI 0.3413F 03 0.7326E 02 0.25671 01
0.21 0.12201 01 0.34131 03 0;7329E 02 \ 0.2574E 01
0.22 3.1232E 01 0.34131 C3 0.73321 02 0.25811' 01

0.22- 0.12441 .1 0.34131 03 0.7335E 02 0.25881 01
0.23 0.12551 01 0.34141 03 0.7338E 02 0.2595E 01
0.23 0.12661' Cl 0.34141' 03 0.7342E 02 0.26031 01
u.24 0.1276E 01 0.3414F 03 0.7346E 02 0.261.11 01

3,
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28 0.260 J.24 0.12801 CI 0.3414E u3 0.7350F 02 0.2619F 01
29 0.27u U.24 0.1295E CI 0.3414E 03 0.7354F 02 0.2628E'01
30 0.280 0.25 0.1303E vl 0.3415F us 0.7358E 02, 0.2637-E 01

31 0.290 ..0.25 0.13111 '1 0.3415E U3 0.7362E 02 0.2646E dl
32 0.300 0.25 0.1318E 01 0.3415E 03 0.7367E 02 0..2655E 01

33 0.310 3.2; 0.1324E ul 0.3416E 03 0.7371E 02 0.2664F Q1
34 0.320 3.25 0.1329E 01, 0.34161 03: A.7376E 02 b.2673E 01

' 35 0.330 0.25 0.1333E CI 0.3410E 03 0.7380F 0? 0.2682F 01
36 0.340 0.25 0.1336E CI 0.3416r 03 0.7385E 02 0.2691F 01
37 0.353 0.25 0.13381 ul 0.3417E 03 0.7390E 02 0.27011 01
38 0.360 J.24 0.13.39E 01 0.34'17E 03 0.73946 02 0.2TlOf Cl ci

39 0.370 J.24 0.1339E CI 0.3417E 03 0.7399E 02 0.2719F 01
40 0.380 0.24- C.1338E ul 0.3418E 03 0.7404E C2 0.2728E 01
41 e0.390 J.23 0.1336E CI 0.341dE 03 '0.7409E 02 0.2737E 01
42 0.400 0.23 0.1?33E 01 0.3418E 03 0.7413E 02 0.2746F 01
43 0.410 0.22 0.1324F CI 0.3419E 03 0.7418E 02 4.2754E 01
44 0.420 J.22 0.1324E u1 0.3419F 03 0.7422E 62 '0.2762F 01
45 0.430 0.21 0.1318E GI 0:3419E 03 0.7427E 02 0.2770E 31
46 0.440 J.20 0.1311E 01 U.3419F U3 0.7431E 02 .0.2778E 01
47 0..450 J.19 0.13031. CI 0.342CS 03 0.7435E 02 0.2785E 01
48 0.460 J.19 0.1295E CI 0.3420E 03 0.7439F 02 0.2792E 01
49 0:470 0.18 0.1285E GI 0.3420E 03 0.7443E 02 0.2798F 01
50 0.480 J.17 0.1275E CI 0...3420E 03 0.7447E 02 -04804E 01
51 0.490 u.l6 0.1264t 01 0.3421E 03 3.7451k C2 -810E 01
52 0.500 0.15 *9.1253E CI '0.3421E C3 0.7455E 02 0.2815E 01
53 0.510 0.14 0.1243E Cl G.3421F C3 0.7458E 0? 0.2819E 01
54 0.523 0.13 0.1223E I. u.s421E 03 0.7461E 02 0.2824E 01
55 0.530 9.12 0.12151- ul 0.3422E 63 0.7464-E 02 0.2827f 01
56 0.54v v.I1 0.1201E GI 0.3422E C3 0.7467E. 02 0.2830E 01
57 0.560 0.10 0.1184E ul 0.3422E 03 0.7469E 02 0.2833E 01
58 0.560 -23 C.1174t 01 C.34221 u3 0.74721 02 0.28351 Cl
59 0.57, ).L1 0.1160i GI 0.3422E 03 0.7474E 02 0.2837F 01
60 0.380 J.00 0.1145E 01 0.3422E C3 0.7476F J2 0,.28181 01
61 0.59u 0.05 0.11311,01 0.3422E C3 0.7478E 02 0.2838E 01
62 0.000 0.t.4 C.1111E 01 O.34Z3E J3 0:7479E 02 4.2838E 01
63 0.010 J.02 0.11C2E 31 0.3423E 03 0.74'81E C2 0.2838E 01
64 0.620 v.r1 ....105o1 CI 0.3423E C3 0.74e2F'02 0.2817E pt
65 0.030 0.1074E ul 0.3423E 03 0.7403f v2 0.2836E 01
66 0.640 -0.CI 0.106)e 1.1 Q.-34212 03 ).7481F 02 0.2834F Cl
67 0.o50 -0.C3 0.1040E Cl. ,0.3423E U3 0.7484E 02 0.2832E 01
68 0.66,0 -0.04 0.1033F LI 0.3423E 03 0.7464E 02 0.2829E 01
69 0.670 -0.05 0.1020E CI 0.3423E 33 0.7484E C2 0.2826E 01
70 0.680 -0..06 0.1CJ7E 01 0.3423E 03 0.7484E J2 0.2822E 01
71 0.090 -.J.C8 0.9947E Cu 0.3423F C3 .0.7484F 02 0.2818E 01
72 0.700 -u.09 ,0.9S'20E Ou 0.3423E 03 0.7483E J2 0.2814E 01 -4
73 0.710 -0.10 0.9708E OJ 0.3423E G3 0.7483E 02 0.2809F 31
74 0.720 -0.11 C.995E CJ 0.3423E 03 0.7482E 02 0.2804E 01
75 0.730 -0.12 0.9485E C3 0.3423E C3 0.7481E 02 0.27981- 01

76 0.740 -0.13 0.93801- CC. 0.3423E c)3 0.7480E 02 0.2793e 01
77 0,.750 -0.r4 0.9279E CO 0.3423E 03 0.7479F 02 0.2787E 01
78 0.760 -0.15 0.9182E Ou 0.3423E 03 0.7477E 02 0.2780E 01
79 0.770 -00.15 0.9089E 00 0.3423E 03- 0.7476E 02 0.2774E 01
80 0.780 -).17 0.9001E 0.) 0.3423E 03 0.7474E 02 0.2767E 01
81 0.790 -0.18 0.8918E 0) 0.3422E 03 0.7472E 02 0.2760E 01
82 0.800 -0.19 0.8839E 03 0.3422E 03 0.7471f 02 0.2753E 01
83 0.310 -0.20 0.8764r. 0. 0.3422E 03 0.7468E 02 0.2745F 01
84 0.820 -0.20 0.8693' C) 0.3422E 03 0.7466E 02 0.2738E 01
85 0.830 -0.21 U.862P- CO v.3422F 03 0.74,4E 02 0.2730E 01
86 0.d40 -U.2? 0.8566E 0, 0.3422E 03 0.7462F 02 .0.2723E 01
87 0.850 -0.22 0.85091 00 0.3422E 03 0.7459E U2 0.2715F 01

1
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88 0.8b3 -0.23 0.645ot 00 0.3422E u3 0.7457E 02 0.2707E 01

89 0.870 -0.23 0.6408E 00 0.3421E 01 0.7454E 02 0.2699E 01

90 0.660 -0.14 0.8364E 00 0.3421f 03 0.7452E 02 0.2691F 01

91 0.690 -0.24 0.8324E Co 0.3421E 03 0.7449E 02 0.2682E 01

92 0.900 -0.24 0.0288C 0:) 0.3421F- 03 0.7446E 02 0.2674F 01

93 0.910 -0.25 0.0257E Cam. 0.3421F 03 0.7444E 02 0.2666E 01

94 0,920 -0.25 0.,823)t 07) 0.3421C'03, 0.7441E 02 0.2658F 01

95 0.930 -0.25 0.A207E GO 0.3421F 03 0.7438E 02 0.2650F 01

96 0.940 -U.25 0.1160c CJ 0.3420E Ui 0.7435E 02 0.2642f 01

97 0.956 -0.25 0.5174f 00 0.142J1 03 0.7432E u2 0.2634E 01

98, 0.960 -0.25 0.81o4E 00 k..3420F J3 0.7429F 02 0.26261 01

99` 0.970 -0.25 0.81501 LJ u.3420t C3 .0.7426E ')2 0.2616E 01

100 0.980 -0.25 0.81550 CO 0.3420E 03 0.7424E 02 0.2610F 01

****1*********%-;%***,t

/4

FN.) OF CALCULATION ******u**!*** *******t"

go.
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1

a

TIME 0.560
TIME 0.570
TIME. 0.580
TIME 0.590
TIME 0.600
TIME 0.610
TIME 0.620
TIME 0.630
TIME 0.640
LIME '0.650
TIME 0.660
TIME 0.670
TIMF 0.680
TIME 0.690
TIME 0.700
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REACTOR DYNAMICS MODULE, RD-2

REACTOR KINETICS WITH FEEDBACK

2.1 Object of Module

The object of this module is tu.

-4-

(1) Examine the temperature feedback mechanism of a PWR and

I

(2) Solve the one delayed rintron model witiftemperature feedback for

. a step insertion and a ramp insertion of reactivity.

The time dependence of a reactor, taking the feedback mechanisms into

. account, is relatively difficult. We will consider a PWR core with a two path

feedback. The reactivity is diminished as`the temperature of the fuel increases

due to the Doppler broadening of the resonances., This feedback is instantaneous
4

0

since the temperature increase follows'the power generated immediately. The

second feedback path is that of the moderator temperature coefficient. Ai the

moderator temperature increases, the number density decreases and the neutron

mean free path increases so thatileakage increases and reactivity decreases.
o

We w 11 be concernedabout the stability of the reactor, to a limited degree.

'The dynamite respodee depends upon the magnitude of the temperature coefficients
h

as we as that of the signs. For a given reactor design, i.e., a given life-
.

time owner level, the reactory or may not be stable for a given set of

0 J
reactivitycoefficients.

The core region is the only one of interest in this module. The rest of

the primary loop as well as the secondary loop is treated in an overall dynamics

module for a PWR.

a

79



2

Also, all of our analysis will be fundathentai'mode analysis. The physical
4

phenomena are taking place so slowly that the higher harmonics of the flux

distribution are all dying out so rapidly that we only need to consider the

loweseor fundamental mode.,

The thermal analysis really should proceed by the solution of the space-

time heat gonduction equation. This is a very complicated procedure and would

40'

alsO meen that spatial effects of the kinetics equations should be taken into

account
t

We, thdrefore, will assume only a lumped parameter model and will

obtain the time dependence of a reactor which is re lly one with the average

properties of the reactor under consideration.

The program name is FUMOTEM which is an acronym for "Fundamental Mode
.

Kinetics with Temperature Feedback."
V

There are four types of reactivity inputs that the program can accommo-

date with NRO = 1, 2, 3 or 4 respectively.:

1) po(t) = po o < t < t

otherwise

2) po(t) = po(1 + o < t < t
r

po(l + a tr) otherwise

3) po(t) = cos a t

45'po(t) = p
o
sina t

O

The feedback reactivity is taken to be zero for times t tr
One can- feed

in a tr greate*r than the calculation time however. So fopet, > tr, the only

reactivity is due to feedback effects.

4'

80
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3

2.2 The Feedback Model

We will use the one group delayed neutron model to describe the core

neutronics. The kinetics equations are

and

where

dP(t) P() 0

p(t) + A Q(t)
dt A

dQ(t)

dt
-*A P(t) - A Q-(t)

A-
`% P(t) The total reactor power (Megawatts)

Q(t) = The. pdker equivalence of the delayed

neutron precursors (Megawatts).

0

(2.2.1),

Now we let ATM be the deviation of the spatially averaged moderator

temperature from its equilibrium value, i.e.,

AT (0 =' T (t) - T
MO

f

and simidarly for the fuel temperature TF we have

AT (t} = TF(t)
TFO

(2.2.3)

.(2.2.4)
o

wh4AT
MO

and T'
FO

are the equilibrium moderator and fuel temperatures re-
-

spectikTely. Also, we let n-and aF be the moderator and fUel temperature

coefficients of reactivity. Then (1)'-

p(t) = p0(t) + a?Tm.,(t)-+.4FAF(t) v (2.2.5)

81
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:/

where generally; am and aF will be negative or at least their sum is negative.

The temperature coefficient of reactivity for thetmoderator is

1
1 ak

eff
(2.2-.6) .1a

M
M

k
eff

aT
M

and

ap 1 akeff

F DT k
eff F

The thermal analysis of the core must now be considerect-and connected to

the neutronics. The heat generated depends upon the fission rate or t pow r.

(2.2.7)

We will look at the fuel temperature averaged over the cdre,es well as an

averaged coolant temperature. We will ignore the cladding of the fuel pins.

The heat balance equation for reactor fuel is

o s 6

4,
Rate at which the

]

Prdauction rate Rate at which

,internal energy of = of the energy - heat is conducted

\,..
. the fuel changes in the fuel out of the fuel

)

-
,

-

or

lh
-

where

dTF(t)
p
F
C
F
V
F dt

P(t) 4rk_L
F
Cr
o

T

PF

C
F

-

T
F.

density of "fuel (lb /ft3)

specific heat of fuel (Btu/lb=°F)

volume of fuel'(ft3)

average temperature of the fuel ( °F)

'

, iY

P(t) = total lower of reactor (gtu/hr)

82
No
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5

thermal conductivity of fuel ( Btu

hr-ft-°F1

= length of fuel pin (ft)

T
o

centerline temperature of the fuel (°F)

TR = temperature of the fuel pellets at the outer edge

(pellet - water interface) (°F)

N = total number of fuel pins in the reactor.

t

The expression for Equation (2.2.8) was obtained from El-Wakil, "Nuclear Heat

Transport", page 123, equation 5-48.

Thertemperatu'res are averaged over the fuel pins. If we number each of

the pins in the core, then the centerline temperature is

1

TO =.171 (T01 T02 TON)

4

where T
Oi

is. the centerline temper ture for the ith pin. T
F

is defined

. .

simiiatly so that itis spatia ly averaged temperature of the "average

Equation (2.2.8) contains the centerline temperature and the temperature

at the edge of the pellet TR Which must be eliminated. We assume that a

parabplie temperature distribution holds even in the transient situation (really'
,

the transient heat conduction equation holds here) so that for one fuel pin we

11(t)2:
F

(2.2.9)

where is ,the temper ure of the fuel pin a distance r froth the,center of
0

the pin. "The average fuel temperature'is,then

. .8 3

ft
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RF

n jr.
T

/ 2=

F 2
rdr [To

o 4k V
-7 FTiNF o

2= T RF
o 8k

F
V
F

Eliminating the centerline temperatures, we have, using (2.2.10),

T = TR(t) +
8k V
-E F

R6F
2

P(t)

Equation (2.2.8) can now be written as

dT P(t)°RF
2

PFCFVF dt
,= P(t) - 4nkFLFN TF(t) +

okFVF
,TR(t)I

= (1/2) 1° (t) 4Tric-rNL
F
T
F
(t) + 4Tric__FL

F
T
R
(t)

(2.2.10)

,(2.2.11)

90'*

(2.2 -.12)

The.wall temperature of the pe1le44.4(t) is connected to the coolant

temperature T (t) since

TR(t) - T
M
(t) - Lla (2.2:13)hTAF

where ,A
F

is the total area of the fuel and h
T

is the heat transfer coefficient

for the fuel water interface (Btu/(Ft2,hr-°F)).

The energy balance for the water in the core is

"Hater
in core

eat stored iE]

water from duel
eat conducted'

i

Heat transferred
out of reactor core

...

.2

8 4 51 I



4 or mathematically,

dTM(t)

PMCM'11.M dt
27r RFLF hTN[T (t) TM(t)1 + mm[CmiTml - CM2TM2)

7

4

.(2.2.14)

where m is the mass flow rate of the water through the core and T (t) is the

average moderator temperature. Also, assume C = C .

Ml M24

We will assume mm is au input, as is TM1, the moderator inlet temperature.

The moderator outlet temperature is related to the inlet and average temperatures

as

T
M2

(t) = 2T - T
M1

so that Equation (2.2.14) becomes (using Equation (2.2.13))
.

(

p
M
C
M
V
M

d
21RFLF h_ [1(°] + 2MmC

m
[T -fT

m
(0]

d

t)

T hi,AF

'--

= P(t) + 2 m mCmTmi - 2 mmCm Tm(t).: (2.2.15)

This can be rewritten as

'it (t) jt)2mMpXM1pV M. , mVm
(2.2.16)

The area pf the fuel 2NL
F
Tat
F

and the fuel Volume is Tall,.
2
LFN.

t
In summary,, the equations we must solve are Equations'(2.2.1), (2.2.2),

(2.2.12) and (2.2.16), the last two of which are written
9

dT

V F
. .

pFCF.F;(7E- (1/2)P(t) - OrkFL_Y NT (t) + 4irk_L NT (t), (2.2.17)
F Y F M

N .

O

4





where the A is dependent upon the temperatures themselves. Thus, Equation

(2.220) is non-linear.

The linearization of Equation'(2.2.19) (or (2.2.20)) can be achieved

assuming that we can look at changes about some operating point. Expanding

about the operating point we have

0

P(t) = P° + AP (2.2.21)

Q(t) = Q° + AQ (2.2.22)

T
F
(t) = T° + AT

F 4:1

(2.2.23)

TM (t) T° + AT (2.2.24)
M

We assume that P° etc. are independent of time so
*

'd 40

dt
(A° + AA) '(,0° + + B
-

or neglecting the AA 60 term we have

Or

dt
= 4° 0° + A° 60 1:4- AA +

TIE Al = 6° 60 + Ail°

A° 0° + B = 0.

.

P
r .

:." :

r.

8..
ti

4

'

9

(2.2.25)
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10

Writing Equatio 2.2.25) out explicitly, .we have

d

dt

AP

AQ

AT
F

AT
M

A 0

,-4vkFLFN

r

0

0

0

0

4xkFLFN

A.

-A
A

0
2pFCFVF

1

pFCFVF

. 0

0

0

, 0

0

pFCFVF

-2n

.0
pM M

-ctFATF + o. ATM

PMVM

0

0'

0

A

0

-P
o.

A

A

1

2pFCF

pmVmCm

A

0

aMP
p0

A A

o

-47rkpLFN 471(FLFN

,pCV pC
F FF F F

V
F

-2ism

p V
M M

P°

Q6

T
F

0

T °
M_

(2.2.26)



Equation (2.2.26),

equation is soluble by

this can be written as

11

is a linearized version of Equation (2.2.19). This

the ordinary methOd of eigenvalues. In matrix form,

dA

-dt
= A' ±, (2.2.27)

and A' is given in terms of the equilibrium values.

The system of Equations (2.2.19) is highly non-linear because of the

first element of the matrix A. The method discussed in Kinetics Module 1,

t

developed by Hansen, is still applicable even to non--lin64r systems. 'There is

a slight modification. that we must discuss and this will be outlined in a

later section.
0

-The overall heat transfer coefficient is also iblatiiiely difficult to

obtain so we discuss this and related parameters in the next section.

Problem 2.2.1

Show.that if'T
o

is the temperature in theis of a fuel pin and TM is

the moderator temperature, then. .

2
.

P(t)a P(t) 1
T = T + +
To M 4kFVF ' 2VF k clad a htb

x,n - + ;
A , 1

The- inner radius of the clad:is "a" and the outer radius is 4:$!'..



A.

2.3 The Feedba Parameters

There are various ameters that must be obtained in order to numerically

solve Equation (2.2.]9). We list these parameters in order:.

- The moderator (coolant) temperature coefficient of
0

reactivity.

2\4'; - The temperature coefficient-of reactivity for the fuel.

3. C
PF

- The total heat capacity of the fuel.

4. The thermal conductivity of the fuel.

5. h.r The overall convective heat transfer coefficient of the

fuel to moderator surface.

The flow rate F, the fuel volume V
F,

etc. are all parameters that can be

olltained.from specifications of a particular feactor type and we shall not

discuss these any further.

W9 first obtain a relation for am. The Final Safety Analysis Report of

nuclear power plants generally have a curve of am as a functionoof power level

for'a given boron insertion, and a critical rod insertion.. The ctipves generally

follow the pattern that am is constant from about 10% to 60%' power and then

dedreasds rather dramatically between 60 and 100% power. a
M

is assumed to b

50
Power %
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We will therefore take a to be an inputconstant but an accurate analysis

would necessitate a knowledge of the variation of am with power.

The aF(P) is also rather diffi ult to calculate. To do this, wese
.

Equation (2.2.7, i.e.

Now if we use the relation
.

1
3k

eff

ciF k
eff F

3T.

keff = np fe Lf Lth

tn(keff) = kn(n fe Lf Lth) + kn(p)

(2.3.1)

(2.3.2)

and if we assume that the resonance escape probability p is the only factor
.

which dhanges with the fuel temperature, then

1
dkeff

1 lip_

aF k dr- IT) dT
eff F F

A standard expression for the resonance escape probability is (2)

p e

NF
V
F

R(T )

(2 .3. 4)

tmEsmVm E

d the resonance. integral R(TF) is given by the empirical relation

.
.

,

R

_

F)
-= R(TFO)Er-+ y FO

' (2.3.5)
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where T
FO

is the equilibrium temperature of the fuel.. (

-I
..

We now relate up" to a
F

in a way so tbat the- a
F

can be calculated. Let
''..

1

N.L, V

a5 ::: F, (2 . 3.0
5 ESM M I

then

and

1

£n p = - as .R(TF), (2 . 3. 7)

dR(TF) fi R(TF0).1,

aF - a5
dTF

IF we substitute T
FO

into p we gdt

tr

41.0

or

a5

21'r
F

-a5 R(TF0)

P(TFO) = e

, 1

171W17011.

.*

a5 R(TF0).

For an arbitrary value of temperature TF we obtain

fr
1

kn
p(T'F)

- a
5
R(T

F
).

Dividing Equation (2.3.9) by Equation (2.3.10). we.get

n P(TF0).
'

. '9 2

(2 . 3. 8) 1

1-1

(2.3.1p)

(2.3.11)

1
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Inserting Equation (2.3.11) into Equation (2.3.8) we obtain r

ya
5 £n p (T FO)FO

aF 7 -
[ a
5

R(T
Fu

- R(TF)
kn p

,.

F,
v-

Equation (2.3.10) yields

a55 R(TF) £n p(TF)

2.n p(TFO)

aF = - £n p(IF) ] Ix\ p(T
F
)

F

_ 1

r-- p(TFO) °-,
4 2YT FQ

In our modple, we will assume hat y and p(TF0) are read in.

400

(2.3.12)

The_ third item of discussion-is C
PF '

the total heat capacity of the-fuel:

It is obvious that

CPF a VF
CPF

pF `Z2.3.13)

where C'
PF

is the specific heat capacity of the,fuel, i.e. the units are

Btu/lbm-°1? , pF is the density of fuel and VF is the volume of fuel. There is

°

asmall variakion of CpF with temperature but It is 'small for UO2 in the

'region of interest. The value that will be of interest for us is .0.0590 Btu/lbm-°P.

The thermal conducti.iritY of the fuel is a function of the temperature.

El Wakil (3).lists values of k_ as a function of TF. We use theSe values to

4
obtain'a polynomial regression df*theit with the T .

4'



\

a.

16

wade* ,-"

a

The last quantity-that we discuss is the overall convective hat transfer

coefficient by The heat transfer coefficient is defined by Newton's law of-
0

cooling. The relevant.relation is

P(t)
11,r(TF - TM) ,

A

(2.3.14)

where AF 1.9 the fuel area. There are many faCtors which influence b
T

such as

s
i) the temperature of the system

ii) the heat flux
I

iii) the physical properties of the-moderating material
c

iv) the geometrical shape. of thetcooling surface

v) the flaw rate of the coolant
°

sA---

)

i

-0.

ID the PWR, the coolant flaw is turbulent. Therefore, to obtain the heat

-*,

-I , -,
.

ik ,_

transfercoefficient%.m assume that,hT

1. . 9here

4

- er

D' = The eqUivalent diameter Ofl flow Channels through the -fuel
e

, kmRe08F.r0!333

(2.3.15)

V

* '.
.

,, .
. (..

.

iOdibiundles -.,
.

.

...;''';':- ., .:

'.;

. a

,km =,' The thermal conductivity of ,theAoderator ',: ) :..

,- . ,. - . .r ..

.0
. The colburn cortection factar

-
fo-r:fluicf flow pargllel to the

..
-

tu be bundles

Re -= Reynblas number
I -r P.:^

Pr = Prandtl number of the'caolantin the core

94
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i>s

el
A

Equation (2.3.15) was a .correlation recothmended by Weisman The Prandtl-number,

is taken from- the 1967 ASkit Steam Tables.

The, equivalent diameter of the flow channel ,is ,shown in Fig. 2.3.2. If

cde let "a" be the area oche flow channel and P be tfie Wetted perimeter, then
V

4A -
D =
e P

w

(2.3.16)

For a typical PWR, D, the diameter of the fuel rodS is 0.03583 ft and the pitch .

(the distance between centerlines of fuel rods) is designated as P. The

Colburn correction factor is an empirical relation and is

P

C =-0.042 is_ 0.024. .(2.3.17),

,
So we denote the heat transfer oefficient, which varies with power and

therefore with time, as. h Or' and the
T

uilibrium villue as h(0). Using

EquatiOn (2.3.25) we have
.

h,r(t) km(t) Re
0.8p -

r
1/i

'f km(0) le
0.8(0-)

P
1 3(0) -

4.

0:8
1/3

4T(t) 1/3
Pr( ) .

(2.3.1)
Pr co

u(tY 8 '

P (0

.

where we have used the fact, -that

p vD

N e (2.3.19)

4>

1
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X

Problem 2. 3..1)

The temperature for the fuel in the case of k.F blit the moderator temperature

and for the thermal conductivity of othe fuel, we hay_e4,.....\

otherwise.

b) h = 8232 Btu/ft2-hr-°F.

a) _show the ddlburn .correction is'.0.03148

Given the followirig data:

k.F(T) = 6.11)2141 - 4.636522x10-3 TF+ 1.06299x10-6 .(2.3..24)

um(T) = 8.5067x101 - 1.7501x16-3 Tm+ 1..1142x10-61, 21

d

4

RF

.

'v = 16.3 ft/bec

Pr = 1.01

, P 43.214 lbm/ft3

Number of fuel assembrles = 145

De = Q.04377 ft

Re = 52,8,998

km = . 3010 Btu/hr-f

Rood pitch; 0.04733d,t

Volume of reactor, vessel = 3643 ft3

Fuel rods per assembly ,= 208

Fuel length =12.00 ft

'5.828 x 10-5

.

,

= 0.015042 ft

1

.

19

9 7

.

""\

cl

cl

(2.3.23)
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2.4 Numerical Solution of the' Dynamics Equations

The numerical integration, of the differential equations can be carried out

once-the various parameters, such as the heat transfer coefficient, thermal

.

conducti/ity, etc.., have been obtained, We again write the equations so that

we cap proceed to use Hansen's method in their solution. FUMOTEM solves the

kinetics eqt.thtions using Hansen's method.' The-system of equations is

where

and

'V

9

A =

di(t)

-
dt

A i(t) + B (2.4.1) .

P(t)

Q(t)

T F(t)

.4(t)

p(t)a
, a A

Y

e_

1

2p C
F F F

1

PMCMVM

0

0

2 'ilkTml(

pmVn

A 0

0
PFCFVF pFCFVF

0

- 471'kFLFN torkFLFN

0 0

-2

p VM M

6

(2.4.2)

/Me
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subject to the constraint that

p(t) = p, * am ATM + ale ATF. (2.4.4)

All the parameters involved in Equations (2.4.1) - (2.4.4) are defined in

section 2.2.

Hansen's me.thod must be generalized slightly for the solution of Equation

(2.4.1). We break the A matrix into three parts:

D(t) =

P(t) -3

A = L-1+

-A

0

.0

0

00

0

D + U,

0 .

L

0

-47rkFLFN

0

0

0

-211:m

(2.4.5)

A

-0

0

0

i3

A

1

PF
CFVF

0

0

( o

0

. 0

p V
M M

0

0

-
0

0

,r2pFCFVF

1

p C V
M M M

-

99.
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U

0°

0

0

0

-4

22

A 0

0 0

Equation (2.4.1) can then be written as

0

0

4xkly

otICFVF

0

dl
, TIT P(t) i(t) = + U) (t) + B . (2.4.6).

L
We wish to develop an iteration prOcedure for the solution of this iystemt,

so we begin, the calculation at time t
0

and acvance to time t
1,

and define

h = t
1

- t
0

.

-,

7):

Before we use his relation though, let's multiply each term of Equation (2.4.6)

-
by the integrating factor e

ft D(e)dt'
=

-I t
D(t;)de -I t D(e)de _ft

e
o - o

= : oD(t)f(t)dt e a

or

.

veyat,
t

(1.1)(p(t) + e ° B

t 4.
-I

t D(e)de -I t
D(t')dt' ', -.I. D(e)de

d 0 . 0 0 =,
,i(t)) ) = e (L + LIMO + e B. (2.4.8)ale

The left side is an exact differential so we integrate from,0 liwnd obtain

*,
411.
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"1

' -ft D(t')dt' -ft D(t')dt' h -ft
D(t')dt'

e f(t)
0

q+1.9 t) d0+ e ° B(t)dt
0 0 0

or *1

h h+Ih .D(ti)dt' f D(t')dt' -It D(t')dt'0 - 0 = -e o1St° + h) ---' e 4(t0) +i e . (L -.F. U)±( to+0) deo
P I

Here

h
+f

h D(t')dt' - f.
t D(C)de

o - o
B(t + O)dO .

-

o
0

to<0<t
1
=t

0
+h

and

dO =

Notice in Equation (2.4.9) that 4

. -fh D(t')dt'fh D(C)de -
t'D(C)dtt

ft h D(ti)de to 0 =
e

o = e

. Therefore the .equation. that must be solved is

I
h
D(C)de
=

i(t9 + h) = e

h D(tr)de

(to) 4.\ f
0

10

(2. 4.9)

j(t0 + 0)dt
t 0
o

6 ,



4

O

h f
h
t +0

D(ts)de

+ji e
o

247.

'.4

I

B(to +.0)d0 . (2.4.10)

r(P.
Equation kL.4.1uis an integral equation so we must approximate its

solution. To do this, we assume that

w 0
1.(to + 0) = e ° 1.(to..) (2.4.11)

where w
o

is'the largest eigenvalue of till matrix A evaluated at time t
o

. This

.means we must solve the equation

Or

det

-
.p(t0)-0

A

13

A

A

-A-w

IA -w1l =0

0 0.

0 0

1
.47i1FLFN truki,o.

0 w
PFCF PFCFVF'

2 V p
F
CFV

F

1 --,

2
1

0 0 - w
pmCmVm, . p

'M M

to obtain. the eigeriValues, w
O'

w 1; w
2

and w3, where

wP >w
1
> w

2
> w

3
.

= 0, (2.4.12)
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M

4..

The w's are, of course, time dependent quantities.

'We also look at B(to + 0) and assume that we can - 'expand it in a Taylor series

soyhat

and also

.

.

d.

-d-

( t
o
)

1
-

z
d
2
B(t' ) .

B(t
o
+ 0) = B(to) + 0

dt
+ i0

2
+ ... (2.4.13)

dO

t(t
o

+ o) 12(to + 0) L(t
o
) + u(t

o
) +

=
(2.4.14)

A

We shall keep only the 1st terms of ,these ;expansions.
tt

.1

we

.

Inserting Equations (2.4.14), (2.4.1) and (2.4.11) into Equation (2.4.10)

get. (after assuming that I0D(e)de = D(to)h )

D(h-0) w
o
0

1.(to + h) = e ./.(to) +J e7 (L + U) e i(to) dO

o 0

rh 32(11-0)

o e
BcCto)d0

Dh Dh -1 - D)0 h
= -

= e i(to) + e -(w I - D)
o

= e . ..,(L + U).gto)

Dh -DO
-1 =

+ e (-D -) e B(to):

0

as

Putting the limits into this equation and simplifying we finally have
a

C

a

4

103

20

0
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.

Dh w hI Dh

4)(to + e 4)(t0) + NOI D)
-1[e

.°`

-
][L(Co) + U(t0)].±.(t0)

If we now set

A

Dh- -

+ D (e - I)11(to) (2.4.15)

i(tj) =

and

1.(t + h) = j+1 .

Then Equation (2.4.15) becomes

J-3+1

where

w

with all quantities valuated at time to and

- -1 (1)0Ill Rh

H =e + (wI D) [e -e ] (L + U)

-1 Dh
R= D (e 7 I)

I,

(2.4.16)

(2.4.17)

(2.4.,18)

We. now write H and R explicitly for our problem. To do'this, consider

Equation (2.4.17) and the explicit relation for L and U; then

H

HH1 H2

H3,

H5

§

H4

ti

0

0 ,

104'

0

7

0

62 . 4.19)
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I

g
27

p(to)-13

H
1

e
A

H2 =,

H3

p(to)(3
to h

A9. .

o
w9 A

a Ot
A cl.t

0
+

H
4

= e
Mt

,

1
H5

2p
FCFVF

xi H7
pFCFVF

torkFLFN

Loh pFCFVFo
e e

tork*FLFN

torkFLI,N
too

pF CFVF

pFCFVF
h

47rkFLFN

47rkFLFN
hLoh

pFCFVFe e

105

torkF r--
o, pFCFVF

'PI

5

C

r ,



R

ti

and the R matrix is

A ria--)
--D 0,

1 -Ah
0 )

H8

28

p V
M M

1.0

atm

w oh pMV
e - e

h

w +
o pV

M M

Ulm

0 0

0 0

0

a I

(2.4.20)

0

411-kFLFNh

pFCAIF, pFCFV
0

F
L

.

). 0

O

'
0 0 0

p
MV Mil-e -M

h

2im .

The basic iteration procedure in XUMOTEM is as follows:

1. Calculate the pertinent reacto?"parameters such as aF, hT, m, PM' u Cm

kr, and km for the guessed initial conditions. The parameters read in are

TM1, am, h, P
o

, v (the coolant velocity), some-optional_sextings for print

out anethe time length the program is to operate.
.

106 a
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r
,

.2. Construct the vector 1..0). 'We can choose the parameters of interest, i.e.
. , /
- ,

and

P(0) = 500 MW,

4*

Q(0) = ,): P(0) MW.

The fuel temperature TF(0) and the moderator temperature TM(0) are completely

determined by Pa) and the abOve read-in parameters. TF(0) and TM(0) are

difficult to obtain since CM, km, p etc. depend on the temperature. This

difficulty is overcome by using an'tteration procedure. The method is a.b

follows:

_op
el

(0) (o)
From P(0) and initially guessed values TF '(0) and T.m (0),

calculate u from the relation

1111.1(TM)* = ( i) Ay. (2.4.21)

it

k'

Equation' (2.3.20) is used to obtain pm(TM) the guessed

moderator temperature T
(0).

(0), Equation (2.2.) is now

used to obtain an improved guessed power P
(1)

(0),.

I

0
P
(1)

(0) = 2&M. CM (T
(m )

(0) - Tml). (2.4.22)

-
b) The fractional difference between 'the actual power and P

(1)
(0) is

I P(1) - P(0)E z
-P(Q)

4;4.23)

If E < A (A= 0.01 and is an input) then the guessea temperature

T
(0).

(0) is the correct moderator temperature. ,If

10 .4#
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E'> A (2.4.24)

then change T
(o)

(0) to T
(1)

(0) and repeat the above until

convergence is achieved.

.c) The TM(0) is now,usedian Equ*ata:1(2.2.17) whicht, fOr equilib-

rium, becomes,after solving for T
F
(0),

T
F
(0) = T

M
(0) + P(0).

4

(2.4.25)

This step also requires an iterative procedure since kr

.

is a function of the N51 temperature as seen from Equation (2.4.25).

3. Determine the largest eigenvalue of the equation

IA Wil f O.

This will bethe solution of a 4 x 4 determinant which is rather easy on

the computer. From this determine the largegt root w . The Newton- Raphson

method is used, to calculate all four roots of this polynomial and then-the.

largest root is picked by comparison of the roots. The sUbrcintine POLRT

is uged for the determination of w
o

for each time step. Module RD-1

describes' the Newton-Raphson method.

4. Construct the matrix using Equation (2.41.19) and R(to) using (2.4,20)

. 5.. Determine the vector 11 from Equation (2.4.16) , i.e.

ttX

12 t 0) t ) )20

N

b. Repeat the above procedure using step 3 and continue as long as required to

athieve
'

the.e.goliition over the time domain ofinteregt

'Chosen by the criterion h
I

1

I " h.
is constrained t

o

0.0Q5 < h < 0.05 sec.

,108

. <The.time steps are

o be in the intelrval
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2.5 Input-Output Data'for Code FUMOTEM

The input data required for the program are presented below:

Data Card Format : Format , Unit Variable

Number Statement Name '

Number

1 20 12'

Description

NOPLT PlottingoptiOn
1 plot
0 -- no plot

d

2 30 F10.5 --
-1

BETA Delayed neutron fraction
.

F10.5 sec 'X Delayed neutron decay constant

F10.7 sec
1

XL Neutron generation. time

. F10.7 $ ,.. RO reactivity, pc)

110 NRO option for the type of
reactivity insertion .

F10.5 sec RTIME Time duration reactivity is
.

3 40

4 50

5 60.

6 '70

7 0

FIO..5 sec
-1

A

F10.6 °F AM

F10.6,/ (°F)1/2 G

F10.6 -- PTFO

F10.5 ft RF

. F10.5 ft PC

F10.5
Stu

CPFX
lb-° F3

F10.2 lb/ft FDENS

F10.2 ft FH

110 NA
110 NFRPA

F10.2 ft/sec V'

F10.2 °F TMI

Fl0.4 - sec TE
F10,4 sec DH
F10.4, -- DELTA

F16.2 MW PPW
F10.2 °F TGUES

F10.2 °F TGF

inserted for ramp input (NR0=2)
reactivity insertion rate )

.

Moderator temperature,
coefficient of reactivity ,

Constant for,resonance capture
Resonance escape probability, Po

Fuel radius, RF
Distance between fuel pin

centers, P
Specific heat of the fuel, CF

'Fuel density, oF
Fuel height, L
Number of fUel assemblies
Number of,fuel rods per

assembly

Average Velocity of Coolant, v

Inlet coolant temperature to the

core T
M1..

End of calculation time
. Time increment

4 Convergende criterion for the

., calculation of the initial
equilibrium state

Initial equilibrium power
Guessed initial moderator temperature.
to obtain equilibrium
Guessed initial fuel temperature for '

obtaining-equlibrum conditions.
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ft. fl flf:)4S

'knoot

0.07695 0.0001 +0.50

n.04002 °0:$in

71.05900.01504 4t.04733

13.0 400.0

43.2 12i0

8.0 0.01 n.01

'145 T '`g08
2tt'

. tyce t/ (147

?,/r. 1.7 s
1

.

. ,

:- (

..................

A.$4:t Iicloo.n eoo,1 500.6

0 4

w
Ii

,... w

o

.
..,
z

4, i:

-

0 100000011011

.f

0'00111 00000011010000000a0000000A00000000000000000000t00000000000000
11345t7 1c017)03146Ki7nu 70377713'4 23 75 11 7120 70 31# 33 74 35 34 31` 74 30 40 47 42 43 32 15 41 47 404 0 50 37 51 53 51 7 5441 54 510 IRU11tstinil8) 70nn73147374n11na

,

1112111 1111111j11 11111111t111111111 1f11111111111t11111111111111111111111111111
3'

2 2 22-2 2 222 2 22 2 23 2 2 22 222 2 2-2 2 2 2 2 2 2 2 2-P2 222

3 3 3 3 3 3 3 4 3 3 3 3 3 3 3 3 3 I 3 3 3 3 3 3 3 3 3 I 3 3 3 3-3.111 3 3 3

4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 '4 4 4 4 4 ill1 4 4 4 4 4 4' 4 4 4

2 2 2 2 22 2

3 3 it t 3 3

4 4 CA

222 2 22.2 2 2 2 22 2 2 2 2 2 2 2 2 22 2 2 2 2 2 2 2
t-

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 f 3 r 3 3 3 3 3 3 3 3

4 4 4 4 4 '4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 44444444444444444444444.

2 2 2 2 2 2

3 3 3 3 3 3 1--

'4 4 4 4 4 4 Z-,'444444
3 .. fire

. - cc

3,555555555555555555555555,65555555555555551155555555555555555555555555555555555555.5

1
66666666666666666666665, 6' 66666666686666S6686666666866666666666666666666666666666. 1

..

I 777117711177177171i1,1717711'11111110717i7111/17,1171111171777777177117i77777i177
I

818888898888883883488888868388888888888i88888018888 888888888888888888'4.1188888 I I

99991999999999995999999995991999999999999999999999999999999999999999999999999999
123451/71lonatiwtsmilumnrnnannunnmpunussavulm000d.oaemowstwmmusiassomusmampunionnnunnnnrin

atm 11741.1

In addition to these seven data cards, there is an eighth card which has

the impression as shdWn below. This'card is necessary for the plot routine.

"et FRP1LM

4,

0 00 0 0 0 00 0 00 0 0 0 0 0 0 0 0 0
I 4 3 4 5 f 10 II 12 03 t4 IS )7 IS 11 ton

cr' 111111*i 111111 111-111

z 12 22 2 222 2 22 2 2 2 2 2 2 2'2 2

tp 33333333_333/33333333

a.
2

.,48

4_4444444_4

55-5,55555555

6666_666'666

_77777_77,77

88888818

99999_99999
1134511191037

:to 177413

0000.001110`00000
2223142324 27 203130 3132 3314

1 1 1 1 1 1 1 1 1 1 1 1 1

2 2 2 2 2 2-2 2 2 2 2 22

3333333333333

4 444444444444444444444.

5 555555555555555555555

6666666666666666668166

77777777177777777777177

88881888888888888818888

99999999999999999999999
uguonnunurnmosnrintsManna

111

RD2 936G 1

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
353137 38no414 7134145444) 41415os1 5m54550151513som13nuo017 ow10 n17 n74 75711178 na.

111111111111111111111 1111111,111111111111111.111

22222222222222222222222222222222Z2222222 22222 = I

U

3333333333333333333333333333333333333333333_33

444444i744."444444444444444444444444444 444444

555555555555555555555555555554 '53555 5 5/ 5 55444
6666'i65,&666666666666669566,66666666666666 66_6 I

717-7,1-1/11.10 717 7'7 111111111111711711111117 1 711e

181111888881188838888888888888888888818388,88886.

999999999.799999999999 '9999.9-999999999999_:999_999 1

ISXUanomutlisoUnaoMmWOUUMPanalleaunailunmnnnulinnnnw

no 4
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The output of.FUMOTEM consists of- three parts. The first is-simply a

writing of all the input data. The second is the equilibriuM state calculation

and the third block of data is the fuel temperoture, moderator 'temperature

reactivity, exit temperature, power, aF and Q as a function of time. If the

f, user specifies, a plot of power,precursor power, T , T. and reactivity as

a

fUnctionIO. tine 1.9 provided.
A ,

4

a

Problem 2.5,1

'nun FUMOTEM for the Sample data cards shown.

Prcblem 2.5.2

Run FUMOTEM for the reactivity, input

with the following parameters:

ti

p(t) = $0.50 cos 2.5t

.NOPLT = 1 am = - 0.00005

'6 = 0.00645

A = 0.07695 sec
-1

\<

RTIME = 4.0 sec

RF = 0.01504 ft

P
c,

= 0.04733 ft

y = 0.0002

P = 0.80'
0

Number of fuel assemblies = 745

C = 0.0590 Btutlb - °F Number of fuel pins per assembly = 208

p
F

43.2 /bat
3

L =.12 ft

TE = 4.0 sec

t

TM1 =400°R

Y

DELTA- = 0.01

4
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DH = 0.01 sec

P
o

= 1000 MW

TGUES= 200.0°F

TGF = 500.0 °F

= 13.0 ft/sec
C

Also run the same calculation for v = 26.0 ft sec.
a

FUMOTEM is written in FORTRAN in single precision except for the eigenvalue.

calculation. The solution of the equation

IA - w II = 0

for the root wo, wl, w2, w3 is done in double precision. All our roots are

determined anethe largest one is picked to form the H and matrices.

The memory requirement is about 40 kilobytes and the execution time varies

with the time length. Ntereactor is to be simulated. Generally it takes

about 1 1/2 seconds of computer time to simulate one second of reactor

transient time,

112
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.List of Symbols for FUMOTEM

r

The following symbols are listed in alphabetical order in the FUMOTEM

program.

A a Peribd of reactivity insertion

AF Fuel l temperature coefficient

AM
nig

Moderator temperature coefficient

AMTRX Subroutine to form the A matrix

AMX Elements of the A matrix

AX Coefficients of'the EIGEN4 polynomial,

5

i.e., if 1 a w n , the a
n

.
I

i=1 n
.

BE B matrix dement,
I

BETA 6 . Delayed neutron fraction

CK ..,.1v,
A r

. . Function subroutine to calculate the I

water thermal conductivity as a
ti, function of temperature (Equation

2.3.21) P
$

COL C Colburn number (Equation 2.3.17)

CP C
PM .

k\ Heat capacity of moderator as a
function of T

M
$

4!

CPF Total heat capacity of,the fuel IVC
PF

CPFX CPF-'
,

Heat capacitycof a single fuel rod
-..

t

I

CPG, CPMX . Cpm Total heat capacity of the water

i

CX, CGUES km Thermal conductivity of the,Fatei Is

DE' De Equivalent diameter (Equation 3.3'.16)

DELTA A Convergence criterion for equilibrium,,.

calculation

1
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DF 2RF Fuel diameter

DH At Time increment (TINCR)

DH1 Lower limit time increment

DH2 Upper limit time increment

DM t Time at any instant

DOTMG mm Mass floW-of the coolant

DX, DGUES- pM Density of the coolant

EIGEN4 Subroutine to change, IA -IWII -4 0

to polynomial form

EIGENV w Eigenvalues of the A Matrix

FA Heat transfer area

FCA Fuel cross section area

FDENS F
'Fuel density (-1

FH Fuel rod length

ik
Function subroutine used to calculate

the fuel conductivity as a function

of temperature

Flow area
. .FLA

FX, FGIIES

G

GXN

H

HH

I

h
T

H

Thermal conductivity of fuel

Constant in Equation (2.3.12)

SubroutV4 to multiply an nxn matrix

with a column matrix

Heat transfer coefficient

Elements of the H'matrix (Equation 2.4.19)

Subiou4fie to form theal matrix

EleOent, of the column matrix Ht

Heatytifinsfer coefficient

4

a'
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MTRX Order of the'nxn matrix

MX t Dimensioned time

0

N Number of iterations

NA . Number offuel assemblies

NCHAN :Total number 'of coolant channel's'

NFRPA Number of fuel rods per assembly

NIN Number of iterations calculated
frovi insertion time. and initial

time increment

NN Total number of iterations, caltulated
from end time and initial time increment

NOPLT Option for plotting

NR READ statement unit number

NRO Option for reactivity insertion

NW i WRITE statement unit number

NZ. Dummy variable used for print out

PAREA Square pitch area for channel4

PC abistance between fuel pins
0

PI 3.14159

PKL r F

POW Input'lltmer in MW

PP

PR

PW

QQ, QW

RIN

-;

P

Pr

P
w

Q

rower in Btu/hr
Aq

Prandtl number funetiorrsubroutine

Wetted perimeter

Precursor density (Power)

Reactivity inserted

Element of column matrix R B

116
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RCOS

a--

ti

p = p
o

cos a t.

RE Re

RF

RHO p
M
(T
M
) Function subroutine to calculate

density of H2O

RL p = p
o
(l+e t) 'Function subroutine to calculate

, reactivity for a ramp

Subroutine to'form the R matrix
(Equation 2.4.20).

RN Reynolds number

RO P
o

Reactivity Lnserted at

RSIN p = p sin a tm4 Function subroutine to calculate
reactivity for a sine insertion

RF 4

39

Br

Function subroutine to calculate
reactivity for a,cosine insertion

4

Function subroutine to calculate,
the Reynolds number

Fuel radius

RMTRX

RP

RR

RTIME

RX

RY

TCFA

TCFLA

TE'

TFA

TFG
f r

tro

TGUES, AEG

Pr

(ST= Pin+ Pf

t
r:

FO

6

Prandtl number

Total reactivity, inserted plus
feedback

Time when inserted reactivity is
removed (for ramp reactivity only)

.

Element of R. matrix (Equation 2.4.20).

Dimensioned reactivity
.

Tota3 cross sectional area-of...the fuel

.Total Cross secbional area of coolant

. End of calculation time

Total heat transfer area

Initial guess for fuel temperature

Equilibrium fuel temperature corresponding
to P

o

Jnitiarguess, for moderator temperature



v.
I4

TMI

TMO

TMOUT

TPLOT

U

UGUES ,

V V

VFr

VM

wo

A

XL A

O

a

4

.40

-e ,

Inlet coolant temperature
I

Equilibrium coolant temperature
corresponding to a given P

o

Exit temperature of core water

Subroutine to plot fi.i.re variables at

the same time with respect to the
independent variable time

Function subroutine to calculate ttle
viscosity of water as a function of

'temperature

I

Viscosity,ofaMpor

Mean velocity of coolant

- Fuel volume

or Coolant volume

The largest eigenvalue'to the
equation -IA - wIl = Q

Decay constant,Nof the'delayed neutron

group
4

The neutron generation time:-

0

O

"s
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Flow Chart for FUMOTEM

11

r

Start )

rk.

Inputs

Geometry
Calculaliton

Calculation to obtain.
fuel area, flow'area

N6 etc. are necessary

Equilibrium
conditions

Y 1
Iv Yes

Store 10 for
plot

119

Once P
o

is read in,

then,a consistent fuel
and moderator equilibrium
temperature is obtained

Initial condit on
vector is fo from
the equilibrium values
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-4, \

f

PRINT

P o (t)=P
.

li

9

1111

2 1

44

(50(0=p0(1+at

If the feedback reactivity
coefficients are positive

the program stops. .

Actually, al,l+ ctm must be

less than or equal to 'zer

'fr

°3

(0=p'ocos at

Form B

t

p
o
(t)=p

o
siea

Form A
matrix

EIGEN4

POLYRT'

120

One of these
four reactivity
insertions is
to be used, .

%

Really, since the B
4vector has 3 zeroes,
only the number

2 mm Tmi (t)

p V
M -m

needs to be solved.

This calculates the
ILi - wIl = (land puts__

it into polynomial
form

Calculates the largest

eigenvalue coo

44,

IP
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At is constrained
to remain in the
time interval
0.005 < At < 0.05

GXN is a subroutine
which multiplies
matrices to obtain
0 (0

C lculate total
r ctiVity since
kn inserted and

feedback components.

If not at qpd of
calculation, go

back'
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R

44

(-'N

see'

6

0 A

122

-,

1

,

This subroutine
plots the st
vector ,tas a

kunctiofi7Of time.

Ammo*

,
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//WATfIV ONEGA.TIME=300,PAGES=50
C PWR FEEDBACK A 1

C
A 2

C
A . 3

C CODE NAME FUNOTEM. A 4

C
A 5

C OBJECTIVE A 6

C 1.EXAMINE THE TEMPERATURE FEEDBACK MECHANISM OF A PWR AND A 7

C
A 8

C 2.,SOLVE THE.ONE DELAYED NEUTRON MODEL WITH TEMPERATURE A 9

C FEEDBACK FOR A STEP INSERTION AND A RAMP INSERTION OF A 10

C , REACTIVITY . A 11

C v
,

A 12

C PROGRAM A 13

C WRITTEN IN SINGLE PRECISION .
,...

A 14

C
A 15

C
A 16

C ' DESCRIPTIONS OF INPUT PARAMETERS . A 17

C.
A 18

C ,FORMAT-.. PARAMETER FUNCTION UNIT A 19

C NUMBER
4 20

C %
A 21

C 20 NOPLT OPTION FOR PLOTTING A 22

C . . , 1 PLOT THE RESULT . A 23

C. 0 NO PLpt . A 24

t A 25

C 30 BETA AVERAGE FRACTION OF DELAYEO NEUTRONS , A 26

C IS 0.00645 , ONLY ONE DELAYED A 27

C NEUTRON GROUP IS CONSIDERED . A 28

C X DELAYED NEUTRON DECAY CONSTANT . 1/SEC . A 29

C XL NEUTRON GENERATION TIME . SEC A 30

C RO INITIAL REACTIVITY INSERTED .
, - A II.

C INPUT RO IN DOLLAR UNIT . ' A 32

C NRO OPTION FOR REACTIVITY INSERTION A 33

C AS A FUNCTION'OF TIME . A 34

C 1 , CONSTANT REACTIVITY . A 35

C 2 LINEAR RAMP,INSERTION . A 36

C 3 COSINE VARIATION OF REACTIVITY . A 37

C 4 SINE VARIATION OF REACTIVITY A 38

'C . WITH TIME A 39

C RTIME INSERTION TIME SEC A 40

C A PERIOD , CONSTANT . ' 1/SEC A 41

C
. A 42

C' \40 AM. MODERATOR TEMPERATURE COEFFICIENT 1/F. A 43

C G - CONSTANT GAMMA IN EQUATION 2.3.13 A 44

C OF RD-2
-C PTFO

. SORTIF/
RESONANCE ESCAPE PROBABILITY . - 44

A

A

45
46

C
A 47

C , FUEL ROD PROPERTIES . A ,48

C. ,

, A 49

C 50 RF RADIUS . FT . i A' 50

C PC DISTANCE BETWEEN RODS . FT. . A 51

C 'CVFX SPECIFIC HEAT . BTU/LBF A 52

C ., FDENS DENSITY . LB/FTi,*3 A 53
1/4/

C .- FH LENGTH ., - ' FT. A 54

C NA NUMBER OF FUEL ASSEMBLIES . ' A 55

C NFRPA FUEL, RODS PER ASSEMBLY . . A 56

C
A 5.7

C 60. V 'VELOCITY OF MODERATOR/COOLANT FT/SEC. A 58

C TMI INLET TEMPERATURE OF MODERATOR f.
a

A5 59

123
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C .

46

C.
A 60

C 70W TE END TIME OF CALCULATION, SEC.' 1 A 61

C OH TIMEANCREMENT , THE RANGE WILL A' 62

t ' BE BETWEEN 0.005 TO 0.05 SECOND
. A 63

C DELTA , CONVERGING FACTOR A 64

C
. A 65

C 80 PPW GIVEN...EQUILIBRIUM POWER AT T=0.0 MW ^ A 66 al

C TGUES COOLANT/MODERATOR GUESSED TEMPERATURE. F. A 67

C CORRESPONDING TO PP A 68

C TFG FUEL GUESSED TEMPERATURE cORRESPON F. A 69

C
. DING TO PP . % 4 A 70

C -.r.' ' . A. 71

E MAIN PARAMETERS OTHER THAN INPUT ,. / A 72 .

C A' 73

C A 74

' C POWER.DENSITY. . . PHI(1)..MPEIMPEL A 75

C PRECURSOR DENSITY PHI(2).MOU A, 76

C FUEL TEMPERATURE 1411)3).MTEEF A 77

C MODERATOR/COOLANT TEMPERATURE PHI(4),MTEEM' A. 78
%.

C REACTIVITY AT ANY INSTANT. RR,RY A 79

C TIME ELAPSED DMH,MX A '80

C TOTAL NUMBER,OF 4TERATiONS NN . A 81

C COOLANT /MODERATOR EQUILIBRIUML A 82b

C TEMPERATURE TMO A 83

C FUEL EQUILIBRIUM TEMPERATURE TFO A 84

C A 85

C HEAT TRANSFER COEFFICIENT HX,HGUES A 86

C TOTAL MASS FLOW DOTMG A 87

C DUMMY INDICATOR FOR PRINT OUT THE A 88

C EQUILIBRIUM CONDITION BEFORE AND A 89

C AFTER REACTIVITY INSERTION'''. Ni A 90

C FUEL'TEMPERATURE COEFFICIENT AAF A 91 -

C NUMBER OF ITERATION AT ANY TIME .. N ,MA 92

C A ,93

C A 94

C A 95

.0 A 96

C A 97

I REAL MPEL(500).MPE(500).MQU( 600).MTEEFI50CIIMTEEM(500).MX(500oRY( A, 98
..,

2 DIMENSION.AMX(4.440N14.4).RX(414)
.

A 1.00
1500) 1

A 99

3 DIMENSION RbOTII4),EIGNV(4).COF(5),AX(5) A 101 4
4 DIMENSION PHI(4),BE(4)018(4)0P(4) A 1D2

5 COMMON BETAIXL,X,FX,RFON,FDENSICPFIVF,FH,VMOXOPTMGIWO,HX.RRIC A.103

IPMX,PI,NROD A 104

6 DOUBLE PRECISION AX,COF,EIGNV,ROOTI A 105
. .

,

C A 106

C DEFINE REYNOLDS NUMBER , PRANDTL NUMBER , NEAT TRANSFER CO
A

A

IN'C eFFICIENTS , FUEL COEFFICIENT TEMPERATURE AND REACTIVITY
C A 109

7 RE( REI ,RE2,RE3,RE4) =REI *RE2 *RE3 /RE4 A 110

8 PR(PR14PR2oPRS)=PRI*PR2/PR3 A 111

' N( NIoN2.113,H41H5)=HI*H2*(H3**:8)*(N4**.3333)/H5 A 112

10 .AF( AFI,AF21AF3)=-.AF1*ALOG(1.0/AF3)/SQRT(AF2) A 11.3,

IL 1 RTIRTI.RT2oRT3oRT4oRT5IRT6oRT7)0RTI+(RT2+RT3)*R74^RT5*RT2*RT6+RT7 . A 114

C . A 115

G. ,
FUEL ANb WATER PROPERTY AS TEMPERATURE DEPENDENT A 116

, C .
A 117

12 FK(T)=0.6104E1.046365E2*T+0.13063e..5*T**2 A 118

13 CK(T)=0.11711+0.13910E2*T.0.18102E.5*T**2
s

A 119

124

I

I
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. '
14 RHOIT)=6.57788E2+0.28018E-.1*T-.-0.88446E4*T**2 A 120

0 15 . UtT)=0.850b7*0.17501E-2*T+0.11420E5*7**2 A 121

16 CPIT)=0.470811E1-.0.15753E*1*T+0.17233E4*T**2 A 122

C

C

A 123,

A 1:45
C MAKE SURE THAT NN EQUAL' TO DIMENSION NUMBER OF
C THE PLOTTED VARIABLE A 126

441

C
A 127

17 NN=1600 A 128

19 eNW=6 A 111:
18 NR=5

20 NZ=0 A 131

21 , PI=3.14159 A ]32

. 22 N=1 A 133

23 0).1=0.0
A 134

24 .0H1=0.005 , A 135

25 OH2=0.05 ,' A 136

26 OMH=DM*3600.0
7 11'=0.0

A 137

'2
A 138

.

C.
d

: 13490

A 141

28 RR.7.0.0

29 MXI1)=0.0

C e-1EAU INPUT DATA .
A 142

.0 , A 143

30 READ (NR,29) NOPLT A 144

31 -s READ INR,301 BETA,X,XL.RO.NRO.RTIME.A A 145

32 * READ (NR,31) AM,G,PTFO A 146

i

43 t READ INR,32) RFOC,CPFX.FDENS,FHiNAINFRPA A 147

34 . READ,(NR.33) V.TAI .

C

A.1.48

.

A 149

C
A 150

° .5 C THE INITIAL VALUE OF OH WILL CHANGE ACCORDING TO THE LAR - A 151

''
C GEST EIGEN VALUE OF A.-MATRIX .

A 152

C
'A 154
A 153

C

35 READ INR,34) TE,OH,OELTA A 155

C '
A 156

'es .-C TEMPERATURE
C - -READ INITIAL POWER D*SIRED.AND GUESS FUEL ANO COOLANT A 157

A 158

C
A 159

9, 36 READ ( NR.35) PP.W. TGUES, TFG
A

160

37 PP=3.41206*PPW , A 161

C -
A 162

C PRINT OUT INPUT DATA ANO THE INITIAL A 163

C
' A 164

38 WRITE (NW,36) A

1:65'
39 - WRITE INW,37) ,

40 WRITE (NW,38) BETA,X,XL,R0 A 167

41 R0=1104.8ETA A 168

42 . WRITE INW,39) RTIME,A A 169

43 WRITE (NW,40) AM,G,PTFO
A 17(1)744 WRITE,,INW,4/) RF,PC.CPFK,FOENS,FH

45 WRITE (NW.42) NA,AFRPA A 172

A''' 1774
47 WRITE INW,44).NOPLT,NRO
*6- WRITE INW,43) V,TMI

48 WRITE INW,45) PPWITFGiTGUES A 175

49 -WRITE (NW,461 TE,OH A 176

50 WRITE (NW,47) DELTA A 177
A 178
A 179

C CHANGE SECOND TO UNIT HOUR

125
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C - A 180
51 NOH=IFILITE/OH+DH/2.0) A 181
52 IF (NDH.LE.NN) GO TL 1 A

:153 WRITE INY.48/
182

54 GO TO 28' A 184
55 1 XL=XL/3600.0 A 185
56 X=X*3600. A 186
57 1.1=V*3600. A 187
58 DH1 =DHI /3600.0 A 188
59 DH2=DH2/3600.0

.

A 1189060 DH=DH/.3600. N. 9"

61 A=A*3600:.0 A 191
C A 192
C

C
62
63
64
65
66
67
68
69
70
71

'72
73.

' 74
75
76
77

C

+C

CONTINUE- A 215
C o A 214

78
79 UGUES=UITGUES/ A 216
80 DGUES=RHOITGUES/

I

A 217
81 , DOTMG=DGUES*TCFLA*V A 218
82 CGUES= CK(TGUES) . A 219
83 FGUES=KITFG/ 'A 220
84 PKL=4.0*0I*FGUES*FHA A 221
85 , CPG=CP4TGUESI f A 222
86 TMG=TMI.PP/C2:0*CPG*DOTMG/ A 223
87 TFG=T.MG.PP/(2.0*PKL*NROD) A 224
88 RN=RE(DGYES.V.DE,WASES) A 225
89 RP=PRICP6.06UES,CGUES/, A 226

490 FIGUES=H(COL.CGUES,RNOPIDE) X A 227
91 PGUES =2.D *CPG *DOTMG *ABS(TGUES -TMI) A 228
92 OP=PGUES-PP A 229
93 DTM =TGUES -TMG A 230
94 DELPG=ABSIDPI/PP

4
A 231

-C A 232
SET THE GUESSED POWER AND ITERATE UNTIL CONVERGE-TO THEC A231

C CORRESPONDING FUEL AND MODERATOR TEMPERATURE ACCURATE,TO THE A 234
. C VALUg-OF DELTA . .

, 235
C . A 236

95 IF ( DELPG- DELTA) 6,6,3 A 237
'96 3 If (DTM).4.6.5 A 238
97 4 TGUES=TGlIES+ABSIDTMI/2.0 A 239

C

GEOMETRY CALCULATIONS FOR SQUARE PITCH-. A'193
A 194

.0
OF=2.0*RF A 195
FA=PI*DF70FH A 1.96-' FCA=PI*DF**2/4.0 A 197
PAREA=PC*PC A 198
FLA=PAREA-FCA A 199
NROD=NA*NFRPA A 200
NCHAN=NROD A 201
TFA=NROD*FA % A 202
TCFA=NROD*FCA A 203

4 TCFLA=NCHAN*FLA A 204
VF=FCA*FH*NROD
VM=TCFLA*FH

A

22::

PW=PI*DFT
DE=4.0*FLA/PW

0 A

220078

CPF=CPFX*FDENS*VF A 209'

COL=0.042*PC/DF-0.024 A 210
a

'a
ITERATE FUEL AND OOLANT TEMPERATURE UNTIL IT CONVERGES Tu

A 211
A 212

THE CORRESPONDING PU E AND ITS PRECURSOR . A 213

126
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98 GO TO 2 A2.40

99 5 TGUES=TGUES-ABSIDTM//2.0
.A"241

100 GU TO 2
r242

101. 6 CONTINUE .
A 243

102 Q0=SETA*PP/IX*XLI
A 244

103 QW= QQ/3.412E6
A 245

C
A 246

C INITIALIZE MATRIX''PHI A 2

C
A 8

104 PHI(1)=PP . (
49

105 PHI (2) =00
A 250

106 PHI(3)=TF6
A 251

107 PHII4I=TMG . A 252

108 DOTMG =DGUES *TCFLA *V A 253

C L''
A 254

C, SETUP THE FUEL AND COOLANT TEMPERATURE AT EQUILIBRIUM, 'A 255'

C STATE .
*A 256

C ...,1
A 257

109 TMO=TMG
r A 258

110 TFO=TFG
A 259

111 RS =RR /8ETA
A 260

112 WRITE 16,491 A 261

113 WRITE INW1501 PPW,QW,TF0,7140pRS A 262

114 WRITE (NW,51) RkpRP.COL,DOIMG/HGUES A 263

115 WRITE CNW,52I .

A 264

116 WRITE INW.53) A 265

117 7 CONTINUE /
A 266

118 MTRX,54------
A 267

C
,, .. A 268

C STCRE THE VALUE OF POWER , PRECURSOR DENSITY , FUEL AWD MO 1 269

C DERATOR TEMPERATURE p AND REACTIVITY j,OR PLOTTING .. ., A 270

C
A 271

119 r PPW=PHIIII/3.412E6
A 272

120 QW=PH1(2I/3.412E6 '. A 273

121 TFG=PHI131
A 274

122 TMG=PHII4/
A 275

123 IF (NOPLT.EQ.bI .60 TO S A 276

124 MPEIN)=PPW
A 277

125 MPELIN)=ALOGIOIPPW/
A 278

126 MOUINI=QW
A 279

127 MTEEFIN/=TFG
A 280

128 MTEEMIN/=TMG .

A 281

129 8 'AAF=AFIG,PHI(3)0TFOI 1
A 282

130 IF (AAF.1.T.O.O.AND.AM.LT.0.0) GO TO 10 A 283

131 IF (AAF+AM) 10,9,28 A 284

132 9 WRITE INW,54i' A 285

133 10 UX=UIPHIIItII
A 286

134 DX=RHOIPHI(4))
A 287

135 ' CX=CKIPHI(4/1 .
A 288

136 ' CPMXaCPIPHI(4)/
A 289

137 FX=FKIPHII3iI
A 290

138 DOTMG=DX*TCFLA*V A 291

139 HX=HICOLIpCX.RE(DX.V.DEIUX).PRICPMXIUXICX/pDE/
A 292

140 TMOUT=2.0*PHII4I-qMI A 293

C .
A 294

C COMPUTE THE' REAtTIVITY INSERTED AS A FUNCTION OF TIME A 215

C . .AND REACTIVITY . A 2,96

C
A 297

141 GO TO (11912113,14), NRO A 298

142 11
%

RIN=R0 e, A 299

40c

127
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143

50 -

GO TO 15 A 300

144 12 RIN=R0*(1+A*014) A 301

145 GO 0 15 A 302

146 13 RIN=RO*COS(A*DM) A 303

147 Gb TO 15 A 304

148 14
..

RIN=RO*SIN(A*DM) A 305

149 15 CONTINUE A 306

150 'If (DMH-RTIME) 19919.16 A 307

151 16 IF (NAO.GT.2) GO TO 19 A 308

152 IF (NRO -1) 18.17.18, A 309

153 17 RIN=0.0 A 310

154 GO TO 19 A 311

155 18, RTMH=RTIME/3600. A 312

156 RIN=R0*(1+A*RTMH) A 313

157 GO TO 19 A 314

158 19 RY(N)=RR/BETA A 315,

C A 316

C FORM 8-MATRIX : A 317
A 318

159 BE(11=0.0 A 319

160 8E(2)=0.0 A 320 -

' 161 8E(3)=0.0 A 321

162 BE(4)=+2.0*DOTMG*TMI/(QX*VM) A 322

C A 323

C FORM A-MATRIX . 4.A 324

C 7
A 325

163 CALL AMTRXIAMX) A 326

C A 327

C CHAIIOE A-DETERMINANT TO P 1910MIAL FORM A 328

C A 329

i64 CAII EIGEN4 (AMXIAX), A 330

1165 M=5 A 331

166 ,141=M A 332

f 167 IF (AX(1)) 22.20;22 A 333

168 2.0 DO 21 JK=1.4 A 334

169 21 AX(JK) =AX(JK+1) A 335

<170 MTRX=3 A 336

171 .M1=4 A 337

C A 338

C COMPUTE THE EIGENVALUE OF THBOA-MATRIX . A 339

C A 340

172
173

22 CALL POLRT (AX.00F,MTRXtEIGNV,ROOTItIER,M1)
MTRX=4 . A 341

A 342

174 ML=M1-1 '
A 343

C

C FIND THE LARGEST EIGENVALUE
A

: 43341;

C A 346

WO=EIGNV(1) A 347

176 DO 23 IE=1041. A 348

177 WE=EIGNV(IE) A 349

178 23 WO=AMAX1(WE010) A 350

C A 351

C CALCULATE THE TIME INCREMENT , SUCH THAT THE TIME INCRE A 352

C MENT RECIPROCAL TO THE LARGEST 'EIGEN-VALUE . A 353
MAKE SURE THAT THE RANGE IS BETWEEN 0.005 TO 0.05 SECOND , IF A 344

C SMALLER THAN 0.005 SECOND'CHANGE THE VALUE TO 0.005 AND IF LAR- A 355

C GER THAN 0.05 SET IT TO 0.05 SECOND . A 356

C A.357

179
180

011=ABS(1.0/W0)/10.046,
DOH=DH

A 358
A 359

128-
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C

t-4

I

a

- 51 -

.181 IF (DDH.LT.DHI) DH=DH1
A 360

182 IF (DDH46T4DH2) DH=0'H2
A 361

C (

4 A 362

C' FORM R- )(ATRIX
A 363

C .

A 364

183 CALL RMTRX (RX)
A 365CA 366

C FORM H- MATRIX 1
A 367

C
A 368

184 CALL HATRX Ifitt/...
a

A 369

C
A 370

C ......-...-MULTIPLY R-MATRIX WITH COLUMN MATRIX-E1 AND MULTIPLY A 371

C H-MATRIX WITH COLUMN' VECTOR PHI
A 372

t '.

A, 373

185 9 CALL 6XN (RX,BE,MTRX,RB)

)

A 374

U186 CALCN (HHIPHI,MTRX0P)
A 375

C t

----, A 376

C FORM NEW PHI - MATRIX BY ADDING THE. TWO COLUMN MATRIX A 377

C
A 378

187 DO 24 IP=1,MTRX
A 379

188 24 PHI(IP)=k8(1P)+HPSIP/
.

\
A 380

189 WRITE (NW.55) N,DAH,RY(N10PPWAW,TF0,TMG,TMOUT,AAF
A 381

190 IF TDMHTE/ 25,27,27' 4 A 382

.0
A 383

C
IF MODERATOR TEMPERATURE EXCEEDING 700 DEGREE F ,PRINT A

.

A 384

C WARNING AND GET CUT
A 385

. C
A 386

191 25 IF (PHI(4).GE.1000.0) GO TO 26
A 387

192 RR=A14(PH1(4)-TMO) +AAF*IPHII3)- TF0/+RIN
A'388

193 R=RR
A 389 ,

O 194 ' DM=DM+DH
A 390

195 DMH=DM*360040
A 391

196 IF (DMH46E4TE) GO PO 27 V
A 392

197 N=N+1
0 393

198 MX(NI =OMH
A 394

199 GO TO 7'
/A 395

200 26 .4WRITE'INW,561
'A 396

201 27 . NN=N
,A 397

202 IF (NOPLT4E040).,60 TO 28
A 398

C -.
.A 399

C
PLOT THE RESULT SIMULTANEOUSLY IN ONE GRAPH A 400

203 CALL TPLOT (MX,MPEOPELOQUOTEEMO1EEF,RY,10)
A 401

204 28 STOP
A 402

C
A 403

205 29 FORMAT (121
A 404

206 10 FORMAT (2F10512F1047,110,2F1045)
A 405

' 207 '31 FORMAT (3F10463
A 406

208 32 FORMAT (3F1045,2F10.2,2110)
A 407

209 33 FORMAT (2F10.2)
/ A 408

210 34 FORMAT (3F10.4) $
A 409

211 35 FORMAT (010421
A 410

212 36 FORMAT (IA/ .1
A 411

213 37 FORMAT (IX,123H***********************,/,1X,19HMODULE 2 , FEEDBACK, A 412

1/91X,23H***********************,./////sIZ,101TPUT DATA,/,1X14H***
A 413

2***********,///)
A 414

.214 38 FORMAT (5X,4HBETA,5X,6HLAMBDA,5X,I7HNEUTRON GEN. TIMEOX,18HINITIA A 415

IL REACTIVITY,/,12X,I1H( SEC * * -1 11064710 SEC )118X0H1 $ ),/,3X,F8 A 416

246,3144F745,7X,E943,17X,F5.211//
A 417

215 39 FORMAT (5X,I4HINSERTION TIME,5X,15HCONSTANT PERIODg/g9X,5H(SEC1,14 A.4I8

IX,7H(I/SECI,/,8X,F743,13X,F743,/)
° A.".419

129
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' 52

216. 40 FORMAT (5X,I4HCOOLANT COEFF.g5X.10HCONSTANT 8.5X.20HRESONANCE ESC. A 420
. :

f PROS../,6X,124( . ),7X,8H( )07X.18H( 1 A 421

2 , /,6X,E12.5,7X,E8.2,13X,F5.3, /) A 422

217 41 FORMAT (5X.I1HFUEL RADIUSOX.5HPITCH.5X0HFUEL CP.,5X,12HFUEL DENS A 423
1ITY.5X.IIHFUEL HEIGHT,5X,18H , ,5X,12H , A 424
2 /,7X,6H( FT ),8X,6H( FT ),2X,12H( BTU/LBIF ),3X,12H( LB/FT**3 ),7X A 425

4 3.6H( FT 1.9X.16H g7X.10H' , /,7X,F7.5,7X,F7. A 426.

45.4X.F6.4.8X0F6.2.10X,F6.2./) A 427
218 42 FORMAT (5)(.18HNUMBER OF ASSEMBLVg5X,26HNUMBER OF ROD PER ASSEMBLY, A 428

1/,5X,18H( 1.5X.26H( )./.12X, A 429
4.23X.I4.41 . A 430

219 43 ORMAT (5X.16HCOOLANT VELOCITY,5X,2OHINLET COOLANT TEMPT.g/g8X.10H A 431
I FT/SEC ).15X.5H( F ), /,IIX,F4.1,18X,F5.1, /) A 432

220-- 44 FORMAT (9)(.6NOPTIONg4X,4HPLOTOX,11./119X.IIHTTPE INSER.,2X.11./) A 433
221 45 FORMAT (5X013HINITIAL POWEROX.4H(MN),IX.E11.4,/.5X.19HGUESSED RUE A 434

IL TEMPT.04X13H(F)s5X,F6.1./.5X.22HGUES6ED COOLANT TEMPT.,IX.3H(F), A.435
. 26X,F5.1, / / /,2X,I7HEND OF INPUT DATA./.2X.18(11-(*),///) A 436

222 46 FORMAT (//g5XiI2H END TIME ,3X,I4HTIME INCREMENTg/g8X,F6.3,10X,F A 437
16.4,//) ,

. - A 438

223 47 FORMAT (5X,22H CONVERGENCE FACTOR = ,F9.5, //) A 439
224 48 FORMAT ( / /,5X,118H * ** CHECK DIMENSION , IFIX(TE/OH) HAS TO BE SMA A 440

1LLER OR EQUAL TO THE DIMENSION OF MPEL.MPL.'MTEEF.MTEEM,MY.AY AND M A 441
2QU ., / //) A 442

225 49 FORMAT ( / / /,5X,27HEQUILIBRIUM STATE INITIALLV.ig4X,28(1H*1,///) A 443

226 50 FORMAT.(5X.5HPDWER.5X.9HPRECUIPORg5X.IIHFUEL TEMPT.,5X,I4HCOOLANT A 444
1TEMPT.s5X.10NREACTIVITY.5X.1'1H . ./.3X.E10.442X.E10.4,6X,F A 445
2-7.2.11X.F6.2,11X,F6.3.////) A 446

227 51 FORMAT (8511H*).////g5X,10HREVNOLDS 11.3)(09HPRANDTL 11.3X0HCOLBUAN A 447
1N,3X,9HMASS FLONOXIIOHHEAT TRANFER COEFF., /,42X,9H( LB/HR ).4X,18 A 448
2H1'BTU/1-111.÷.FT**2 1./.6X,F8.11N(gF4.1115X.F7.3.5X.E11.4,8X.F7.1,/// A 449

31 A 450

228 52 FORMAT (5X.2HND,10X104H7IME,6Xe1OHREACTIVITY.IX.5HPOWERIIIX.9HPRECU A 451
1RSOR, /,4X,4H( ).8X.5H(SEC).9X0H($),11X,4H(MN),14X,4H(MN)) A 452

229 '53 FORMAT (7X,9HFUEL TEMPg5X0HMOD. TEMP,3X,9HEXIT TEMP08X,11HFUEL CO A 453
IEFF../.10X.3H(F1.11X13H(F)19X0H(F).14X15H(1/F),//) A 454

230 54 FORMAT ( / /,8X,19H... NO FEEDBACK ..., //) A 455

231 55 FORMAT (3X014.8X.F7.3,7X.F5.2.7X.E11.4,7X.E11.4,/,8X.F7.2.7X,F7.2. A 456

.
15X,F7.2,9X,E11.41 A 457

232 56 FORMAT (//g5X.39HCRITICAL T E M P E R A T U R E, //) A 458

233 END , A 459

,,

?

234 lb SUBROUTINE RMTRX (R) 6 1

C B 2

. C B 3

C FORM RMATRIX DIAGONALMATRIX IN EQUATION 2.4.20 B 4

C SUPPORTING ROUTINE NONE . B 5

C B 6

C B 7

245 DIMENSION R(4.4).A(4.4) B 8

236 COMMUN BETA.XL.X.FX.RF.DH.FDENS.CPF,VF,FH.VM,DX,DOTMG.WO.HX.RR.0 B 9

1PMX.PI,NROD
237 CALL AMTRX (A)
238 DO 3 1=1.4
239 DO 3 11=1.4
240 IF (1.1I) 1.2.1
241 1 R(1,11) :40.0

242 GO TO 3
243 2 R(I,I1)=(EXP(A(1.11)*DH) 1.01/A(1011)
244 3 CONTINUE

B 10
B 11
B 12
B 13
B 14
B 15
B .16
B 17
B 18

0



r

. r

'Agf

245
246

247
. C

C .

C
C

248 .

249

250
251

r 252
253
254
255 .

=256
257
258
259
260
261
262
263.

264
265
266
267
26'8

269C
C

C'
C

C
C
C
C
G .

C
C

C
C

C
C

111. ',..0

C
C

I. C
C
C
C
C
C
C

5-, 3

RETURN
END

SUBROUTINE HMTRX ItHI

FORM H- MATRIX AS IN THE EQUATION 2.4.19 .

SUPPORTING ROUTINE NONE .

DIMENSION HI4,4I.A(4.41 -.,...

COMMON BETA0(1...x.Fx.RF.DH,FoENSiCPF.vF,FH.Vm.DX,DOTmG,w0tHX.RR,G
IPMX.plINR0D
CALL AmTRk (Al
HI1,11--EXp(41.11*DHI

4

HI1,21=4t1.21*(EXPIWO*DH1-EXPlA(1.1)*DHII/CMO-A(1.1))
HI1.3I=0.0 -

H(1.4) =0.0
-

HI2.11=Al2.11*(ExP( w0+uH)-EXpIAI2.21*DHII/(wo-Al2,21)
HI2.0=EXPIA(2.21*DH)

c

H(2. 1 =0.0

H(2.41=0.0
HI3,11=A13.11*(EXPIwO*DHI-ExpIA(3,31*DH)1/(w0-Af3.31J
HI3.21=0.0

°

HI3.31=ExPlA13.31*DH1
a

HI3.41=A(3.4) *(EXPIw0*OHI-ExptA(3.3t*DH11/Iw0-A(3,3)1
H(4.1)=A(4,11*(ExPlwo*DHI-ExplA(4.4) *DWI/Iwo-A4041
HI4.2I=0.0
NI4.3I=0.0
HI4,41=ExPiA44.41*DHI .

RETURN ....

END .-

SUBROUTINE POLRT IxCoF,C0F,m,RooTR,R0071.1ER,m1)

SUBROUTINE POLRT

PURPOSE
COMPUTES THE REAL AND COMPLEX R OTS 0 A REAL POLYNOMIAL

USAGE -
%

CALL POLRT(XCOF.00F.A,ROOTR.ROOT-1.1ERom1) '

it
DESCRIPTION OF PARAMETERS

XCOF - VECTOR OF M+1 COEFFICIENTS OF THE POLYNOMIAL
ORDERED FROM SMALLEST TO LARGEST POWER

CUF -wORKING VECTOR OF LENGTH 0+1 1

M -ORDER_OF POLYNOMIAL
.

1

ROCTR-RESULTANT vECToR OF LENGTH m CONTAINING REAL ROWS

OF THE POLYNOMIAL , ° .

'RooT1-RESuLTANT .VECTOR OF LENGTH M CONTAINING THE

CORRESPONDING-IMAGINARy,-ROOTS OF THE POLYNOMIAL

. IER -ERROR Colaf_wHERE ,

IER=0 1O ERROR
IER=1 M LESS THAN ONE r

IER=2 M GREATER THAN 36
IER=3 UNABLE TO DETEIMINE ROOT WITH 500 IN ERATIONS

ON,5 STARTING VALUES
.

B

B

C

C

C

C
C

c

c
C

C

C
C

C

C

c

C

C

C

C
C

C

C
C

.(;--

C
C

C
C

C

0
Q.

D

0
D
0
0

D
D
D
0

*. D
D
D
D
D
0
D
0
D
D

, D
D

D
D

19

20

1

2

3

4
56
7

8

9

10
11

12

13
'14
15
16

17

18
19
20
21
22
23
24
25
26
27
28

1

2

3

4
5

6

7

8

9
10

11

12
13
14
15
16-

17
18
.19
20
21
22
23
24
25 -

26

s

3

t

131
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41

-54
.

, 94'1
C IER=4 HIGH- ORDER COEFFICIENT IS ZERO, 0 27

C MI -NUMBER 0 COEFFICIENT , M+1 D 28

C

C

(ADDED ARGUMENT FROM THE ORIGINAL TO GET MORE FLEXIBLE
'e< .DIMENSION /

0.
0

29
30

C
. 0 31

.

C REMARKS ' 0 32

C LIMITED TO 36TH_OWDEk POLYNOMIAL DR LESS. 0 33

C FLOATING POINT OVERFLOW MAY OCCUR FOR HIGH ORDER ..' 0 34

C POLYNOMIALS (iv WILL NOT AFFECT THE ACCURACY OF THE RESULTS. D. 35

-C .
.

i'
0 36

C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED Q 37'

C . NONE 0 38,

C
. 0 39

C METHOD 0 40 it.

' C NEWTON-JRAPHSONATERATIVE TECHNIQUE. *'THE` FINAL TERATIONS 0 41

I
lir C

C

ON EACH ROOT ARE PERFORMED USING THE ORIGINAL PO YNDMIAL
RATHER THAN THE REDUCED POLYNOMIAL TO AVOID Accum ATED

0

0

42
43

C ERRORS IN THE REDUCED POLYNOMIAL. 0 44

C 0 45

..-
C . 0 46

270 OIMOSION XCOF(M1a0FIMI,,ROOTRVMI,ROOTIIM/ 0 47

'271 DOUBLE PRECISION X04Y,X,Y,XPRIYPR,UX,UY,V,YT,XT,U,XT2IYT2,SUMSQ, 0 48

/ DX,OY,TEMP,ALPHA,DABS ais 0 49

C *" . 0 50

C- 0 51

C If A DOUBLE.PRELISION VERSION OF THIS ROUTINE IS DESIRED, 0 52

C C IN COLUMN I SHOULD 8E REMOVED FROM THE DOUBLE.PRECISION 0 53

C STATEMENT WHICH FOLLOWS. 0 54

C / 0 55

272 DOUBLE PRECISION XCCF,CDF,ROOTRROOTI 0 56

C 0 57

C THE C MUST ALSO BE REMOVED PROM DOUBLE PRECISION STATEMENT 0 58

C APPEARING IN OTHER ROUTINES USED IN CONJUNCTION WITH THIS 0 59

C. ROUTINE. 0. 0 60

C THE DOUBLE PRECISION VERSION MAY BE MODIFIED BY. CHANGING THE 0 61

C CONSTANT IN STATEMENT 78- TO 1.00-12 AND IN STATEMENT 122 TO 0 62

C 1.00-10. THIS WILL PROVIDE HIGHER,,PRECISION RESULTS AT THE 0 63

C COST OF EXECUTION TIME 0 64

C 0 65

C : ,
0 66

273 IFIT =O
----.1 0 67 I.

274 N=M
. 0 68

275 IER=3 0 69

276 IF IXCOFIN+11, 1,4,1 . ,

' 0 70

277 1 IF TN/ 2,2,6 -4
1 0 71

C 0 72,

C SET ERROR COOS' TD 1 0 75

C
. b 74

k 278 2' IER=1 0 75

279 3 RETURN 0 76

C l 0 77

C ..--' S ET ERROR. CODE 'TO 4. 'D 78

C
. 0 79

280 4 IER=4 D 80

281 GO TO 3 .
A 0 81

C .-
4 .0 82

C SET ERROR CODE TO 2 0 83

C . 0 84

282 5 IER=2 ' 0 85

283 GO TO 3 f 0 86

132" .0

4

1
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- 55 -

284 6 IF N-361 D 87

285 7 Nx=N D 88

286 NXX=N+1 0 89

287 N2=1
0 90

288 KJ1=N+1 0 91

289 MO 8 L=1,KJ1 D 92

290 MT=KJ1-1.+1 D 93

291 8 COF(MT)=XCOFILI 0 94

C
0 95

C - - 1I(ITIAL VALUES 0 96
0 97

292 9 X0=.00500101 0 98

293
0 99YO=0.01000101
D 100

C -ZERO INITIAL VALUE COUNTER 0 101
D 102

294 IN=0 0 163

295 10 X=X0 D 104

C
0 105

C -'--- INCREMENT INITIAL VALUES AND COUNTER 0 106

C
0 107

296 X0=-10.0=YO D 108

297 -y0=-10.0*X D 109

C
D 110

C SET X AND Y TO CURRENT VALUE D 111

C
0 112

298 , X=XO D 113

299
300

Y=YQ
LN=IN1

D 114
D 115

301 'GO TO 12 0 116

302 11 IF.IT =1
D. 117

303 XPR=X D 118

304 YPR=Y D 119

C
6 120

C EVALUATE -PULYNOmIAL AND DERIVATIVES D 121

C
D 122

305 12 ICT=0 D 1.23

306 13 OX=0.0 D 124

307 UY=0.0 D 125

308 V=0.0 D 126

309 YT=0.0 ir D 127

310
311

XT=1.0
U=COF(N+1)

4rb-128
0 129

312 IF (U) 14,27.14 0
0 130

313 14 DO 15 f=104 D 131

314 L=N-I+1 D 132

"315 , TEMP=C0F(L) 0 133

316 XT2=X*XT-430Y7 D 134

317, YT2=X*YT+Y*XT 135

316 0=U+TEmP*XT2 0 136

319 V=V+TEmP=Y72 137

320 . FI=I 0 138

321 UX=UX+FI*XT*TEM: D 139

322 UY=UY-FI*YTPTEmp 140

323, Xr=XT2 0 141

324 15 YT*YT2 D 142

325 SUMSQ=UX*uXtUrouY 43

326 IF (SUMS()) 11...23,16 D 1 4

327 16 OX=(1i*uY-U*UX)/SUMSG 0 145

328 X=X+DX 0 146

13

45.

6



.

329'
330
331

332
333
334
335

56
r.

ClYis(U*UY+V.UX)/SUMSQ 1

i

i=Y+DY
0 14/
0 148

IF (DABSCDY)+DABS(DX)-1.0D.-5) 21117tr7
4 0 0 149

C 0 150

C STEP ITERATION COUNTER
*

0 151
t

C 0 152

17 ICT=ICt+1 0 153

IF (ICT -500) 13.18,18 ,D 154

18 IF (IFIT) 21,19.21
"19 IF (IN-5) 10120,20

0 155
0 156

c a 157

C SET ERROR CODE TO 3 0 158

,

a

336
337
338
339
340
341
342
343
344
345
346
347
348 .
349
350
351
352
5Y
354
355
356
357
358
359
360'
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375

376

..
C D 159

20 IER=3 0 160

GO TO 3 D 161

21 DO 22 L=s1,NXX . 0 162
MT=KJ1.-1.+1

a
0 163

TEMP=XCOF(MT) l 0 164

XCOF(MT)=C0F(1.1 0 165

22 CDF(L)=TEMP D 166
ITEMP=N .0?4A,

0 i:7N=NX 168

NX=ITEMP 0 169

IF (IFIT) 25,11,25 0 170

23 IF (IFIT) 24,10124 0 171

24 X=XPR 0 172

Y=YPR lk.

25 '\IFIT=0
D 173
0 174

IF (UABS(Y)1.00-4*DABS(X)) 28126,26 0 175

26 ALPHA=X+X
SUMWO(*X+Y*Y

to
0 176
0 177

N=W-2 0 178

GO TO 29 0 179

27 X=0.0 0 180
NX =NX -1 -?-- 0 181

(4XX=NXX1 0 182

28 Y=0.0 0 183

SUMS0=0.0 0 184

ALPHA=X
0
0

1::N=N -..1.

29 COF(2)=C0F12)+ALPHA*C0F(11
IF (N.EQ.0) GO TO 31 4

0 187

(1
188

DO 30 L=204 ' 0 189

30 COF(L+1)=C0F(1+1)+ALPHA*COFIL)SUMSQ*CDF(L1) 0 190

31 ROOTI(N2)=Y 0
199iROOTR(N2)=X

N2=N2+1 0 193

. IF ( WMS0) 32,33',32 0 194
to. 0 19532 Y= Y

SUMSQ=0.0 0 -196
. D 197GO TO 31
33 IF (14) 3,3,9 1

0 198
END 0 199

ft

SUBROUTINE TPLOT (M1tM0,142,M5,M6,M8,M9tJX)
/

E

C ,.,
. E 2

C \ E 3

C TPLOT IS PLOTTING SEVERAL VARIABLES IN ONE GRAPH ..THE XA E 4

C DUES NOT REPRESENT ANY VARIABLE , IT IS INTEGER SEQUENCES E 5

134
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377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420,

421
422
423
424
425
426
427
42B
429
430
431
432

C

C

C

C

1

N

1

t

2

FOR NEGATIVE' VALUES THE ZERO LINE IS IN THE 0.5 LINE .

SUPPORTING ROUIINE NONE'

. .

IMPLICIT REAL*41A-H.M-Z)
OIMENSION M8( JX),M9IJXI.MO( JX)011JX)1M2IJXIIM5(JX1061JX)
DIMENSION LINE(61),INUM(9)
INTEGER PL.M1.55.8L,SLIS9,50.56.51152
READ (5,8) PL,MIIS511BL4S1,59.50151.52.56
MXY=0.0
MINO=0.0
MIN5=0.0
MIN6=0.0
MIN2=0.0
MIN8=0.0
MIN9=0.0
RHI5=0.0 V
PHI6=0.0
PHI0=0.0
PHI2=0.0
PHI8=0.0
PHI9=0.0
00,1 I=1.JX
IF IMINO.GT.MOIIII MINO=MO(I)
IF (MIN5.GT.M511)) MIN5=M5(I)

AF (MIN6.GT.M611)/ MIN6=M611)
IF IMIN2.GT.M2(1)) MIN2=M211)
IF (MIN8.GT.M8(I)) MIN8=M81I)
IF (MIN9.GT.M911)I MIN9=M911)
IF IABS(MO(I)1.GT.PHIO) PHIO=ABSIMOIII) .

IF.IABSIM2(1)).GT.PH12) PHI.2=ABSIM2(I)I
IF (ABS(M81I)).GT.PH18) PH18=1%8511181'1)

IF IAOS(t(91111.GT.PHI9) PHI9=ABSAM9(I)i

IF (ABS(M5(I)L.GT.PH15) PHI5=ABS(M51I1)

IF (ABS(M61I)).GT.PHI61 PH16=A8S(M6111)

CONTINUE
JJ=JX
JJ0 =JJ*64.1
JJ1=JJ+1
WRITE (6,9)

...MITE (6.10)
PHIO=PHIO+ABS(MINO) .....

PHI5=PH15+ABSIMIN5)
RHI6=PH16+ABSIMIN6)

00

PHI2=PH12+ABS(MIN2)
PHI8=PHI8+ABS(MIN8)
PHI9=PHI9+ABS(MIN9)
00 2 I=1.JJ
IF (MIN0.17.0.0) 110(1)=40(1)+ABS(MINO)
IF (MIN5.LT.0.0) M5III=M51I)+ABSIMINSI
IF (MIN6.0.0.0) M61I)=M6.1II+ABS(MIN6)

' IF (MIN2.0.0.0) M2III=M2III+ABS(MIN2)
IF (MINB.LT.O.OI M811)=M8(I)+ABSIMIN8)
IF IMIN9.0.0.01 M9III=M91 A I+ABSIMIN9) y
MO(I)=MOIII/PHIO
M5(I)=M511ItPHI5
M6(I)=M6III/PHI6 a

M2(I)=M21I//PHI2
M8CII=M8(I)/PHI8
M9(I)=M9III/PHI9

E

E

E'

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

6

7-

8

9

10

12
13
14
15 ,

164'
17 .

18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
41
48
49'

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

-135
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WRITE (6,13)
WRITE 16,15/
WRITE (6,161
WRITE (6,14)
STOP

(INUM(I).1=1,9) -

:12201R.,MI,S5i0L,SL,S9,S0,S1,S2,S6
E 122
E 123
E

12:.

(INUM(I).1=1,9) -

:12201R.,MI,S5i0L,SL,S9,S0,S1,S2,S6
E 122
E 123
E

12:.

II.E0.11 GO TO 5

4 . . ,

.

E 67
E 66

E 70

E 72

E 68
E 69

E 71

440 IP5=M5(1-1)*60+1.0 E 73
441 IP9=M911-1P+60+1.0 E. 74
442 1P6=M6(1-1) *60+1.0 E 75
443 IPO=M0(1-1140+1.0 E 76
444 1P2=M2(1-1) *60+1.0 E 77
445 00 4 11=1,56,5 E 78
446 tINE(11)=BL E 79
447 DO 4 12 =1,4 E 80

\ 448 13=1,1+12 , E 81

449 IF III.E0.IPOI LINE(I1) =S0 E 82

450 IF (13.E0.1110) LINE(13)=S0 E 83
451 IF 111.E0.1112I LINEIIII=S2 E 84
452 IF C13.f(J.IP2I LINE(13I=S2 E

453 IF III.E0.1P5ILINEIIII=S5 E

85
'6

454 10(13.E0:1P5) LINEII3I=S5 E 87

455 If III.E0.1P6I LINE(/11=S0 E 88

456 IF (13.E0.1P6I LINE(13)=S6 ,.., E 89

457' IF III.E0.1P6I LINEIIII=S1 E 90
458 IF (13.E0.1P8I LINE(13) =SL E 91

459 IF (11.E0.1P9I LINE(I1) =S9 E 92
460 IF 113.E0.1P9/ LINE(13)=S9 ,

e E 93
461 4 CONTINUE i

E 94
462 LINEI61I=PL E 95

463 111=1-1 ' E 96

464 IF II.E0.IPOI LINEIII=SC .74. e E 97

465 IF (I.E0.1P2)__ONEIII=S2 E 98f

466 IF II.E0.IP5I IINEJ-11=S5 kii' 99

467 IF (1.E0.1t6I LINE(I=S6 . E 100
468 IF II.EQ.IP8I LINE(11=SL E 1.01

469 IF.II.E0.1P9f LINE(1)=S9 ' E 102

470 IF IIPO.EQ.61I LINE(61I4C, E 103
471 IF (1P5.E0.61) LINE(61) =S5 E 104
472 IF (1112.E0.61) LINE(611=S2 E 105

473 IF (IP6.E0.61) 1INEI6II=S6
. F 106

474 IF (IP8.E0.61I 1INE(611=51. E 107

475 IF (1119.E0.61) LINEI61I=S9 E 108

476 IF IIPO.NE.I.OR.IP2.NE.I.OR.IP5.NE.I.OR.IP6.NE.I.OR.IP8.NE.I.OR.IP E 109
19.N1.1/ LINEIII=PL E 110

417 WRITE (6:42I MXY,I1INEIKKI,KK=1,61T E 111
478

l

IF II.E0..1.111 GO TO" 7 E11-2

,,
479 5 ' CONTINUE E 113 so'-

480 00 6 11=1,56,5 .1. 'E 114
481 00 6 12=1,4 . E 115

. t

' 482 13=11+12 . . E 116'

463 LINECI3I=131, E 117

484 6 CONTIB E 118
485 7 CONTINUE ,

4,

E 119

486
487
488
489
490

C

136.

4 1

136.

4 1

0.0.

WRITE (6,13)
WRITE 16,15/
WRITE (6,161
WRITE (6,14)
STOP
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491 FORMAT (11A1) '41

492 .9. FORMAT (WI)
493 40 FORMAT (35X.14HRELATIVE DENSITY)-
494,' it FORMAT 117X.9(2X,2H0..11,1H )/114X,10(6H+

44 :13 FORMAT (14X110(61-*.---).1H41/,16X.9(3X.2H0.,Ill:H"
4957 12 FORhAT (4)(.4HTIME4X.F7.311X.61A1)

49. .,14 FORMAT (1H1)
498 15 FORMAT (15X.17HINPUT CHARACTER .11A1./)
499 16 FORMAT (24H ./.15X,10H P --powtR,,,I5x,le

1H L LOG. OF.POWER.1.15X.22H Q - PRECURSOR DENSITYiji15X121H F
2FUEL TEMPERATURE./.15X.26H K - MODERATOR TEMPERATURE,/,15)(115H R -
3 REACTIVITY1/115X,42HIFVARIABLE PLOTTED HAS NEGATIVE VALUE TAE,/.
415)441HAXIS FOR THIS VARIABLE ISP'SHIFTED TO THE ,/,15)(116HCENTER 0
5F Y- AXIS, / //)

500' END

E 126
E 127 -

E 128
E 129
E 130
E 131
E 132
E 133
E 134
E 135
E 136
E 137
E 138
E 139
E 140

)

501 SUBROUTINE GXN (G,XN,N;GX) F 1

C
C
C
C
C

,,

r
MULTIPLY THE 'G - MATRIX WITH THE INITIAL VECTOR CO

LUMN TO GET THE NEXT ITERATION .

C
C

NONESUPPORTING ROUTINE/

r

C
502 DIMENSION G(NIN),XN(N),GX(N)
503 DO 2 1=10
504 . GG=0.0, 0

505 . DO 1 J=IIN ' . .

506 1 GG=GG+G(I.J)XN(J)
507 2 GX(I)=GG
508 RETURN
509

.

END 1
' r

510
t

SUBROUTINE AMU% (A)

C
C - - - - --- -FORM A-MATRIX IN EQUATION 2.4.12 .

' C SUPPORTING ROUTINE NONE
g

' c
511 DIMENSION A(4;4)

F 2_

F 3

F 4
F 5

F 6
F 7

F B

F. 9

F 10
F 11

F 12
F 13
F 14
F 15
F 16
F 17

G 1

G 2

G 3

G 4
G 5

G 6
G 7

512 ' COMMON BETA.XL,X,FX,RF,DHIFDENS,CPF,VF,FH.VM.DX.DOTMG.WO,HX.RR,C G 9

41 . IPMX,PI,NROD
. G 10

513 6 4(111)=(RR-BETA)/XL G 11

514 A(1,2) =X G 12

515 A(1,3)=0.0 G 13

516' A(1.4)=0.0 . N G 14

'517; ,A(2,1)=BETA/XL G 15

518 At2.2)=-X G 16

519 A(2.3)=0.0 G 17
p

520 . ' A(2.4)=0.0 G 18

521 A(3.1)=1.0/(2.0*CPF) G 19

522 A(3,2)=0.0 1 p - G 20

523 A(3.3)=-4:6*PI*FX*FH*NROD/CPF .G 21

524 A(3.4)=-A(3.3) . G 22 '

525 A(4.1)=1.0/(WaPFX*VM), G 23

526 A(4.2)=0.0 G 24

137
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527 A(4,3) =0.0 .
G 25

528 A(4,4)=-2:0*DOTMG,/IDX*VM) G 26

529 RETURN G 27

530 END ,
G 28

.
.

531 SUBROUTINE EIGEN4 IA,B) H 1

C H 2

C H 3

, C EIGEN4 IS SUBSTITUTING DETERMINANT A TO POLYNOMIAL FORM . H 4

C SUPPORTING ROUTINE NONE H 5

C'
H 6

C .H 7

532 DIMENSION A(4,4).8(5) . H 8

533 DOUBLE PRECISION,B H 9

534 0(1)=A(61)*A(2.2)*(3.3)*A(4,4)-A(1.2)*A(2,1)*A(3.3)4A(4,4) H 10

535 812)=-1A11,1)*APr21)*A13,3t+A(1,1)*A1212)*A14,4)+AII.1)*A1313)*A14. H 11

1104)INV121aPiqd2434*A(4,4)-Ali12)*A(2,1)*A(3,3)-A(1.2)*A(2.1)*A(4.4) H 12

2)
-c

. -*. H 13

536 BI3)=A(3,3)*A(4,4)+A(1,1)*A(2,2)+AI1,1)*A(3,3)-4A(1,1)*A(4t4)+A(2,2 H ,14

1)*A13.3)44(2.2)*A(4.4)-A(1.2) *A1201) H 15

537 B( 4)=- 1A(1,1) +A(2,2) +A(3,3) +A(4,4)) .H 16

538 815)=1.0 . H 7
539 RETURN 2

H 18

540 END .
H 19

//DATA
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***********************
MODULE 2 FEEDBACK
***********************

INPUT DATA
************** 9

- 61 -

BETA LAMBDA NEUTRON GEN. TIME INITIAL REACTIVITY
( SEC**-1 ).1 .- i SEC ) l $ )

0.006450 0.07695 0.100E-03 0.30

INSERTION TIME
(SEC)
1.000

CONSTANT PERIOD
(1/SEC)

1.500

COOLANT COEFF. CONSTANT B RESONANCE ESC. PROB.
( ) ( ) 'i* ( )

-0.50000E+04 ' ******** ,0.800
.

FUEL RADIUS PITCH FUEL CP. FUEL DENSITY
( FT ) ( FT ) ( BTU/LB-F ) ( LB/FT**3 )

0.01504 0.04733 0.0590 43.20

NUMBER OF ASSEMBLY - NUMBER OF ROD PER ASSEMBLY
( ) ( )

145 208

COOLANT VELOCITY, INLET COOLANT TEMPT.
( FT/SEC ) ( F ) vas.

13.0 400.0

OPTION PLOT 1

TYPE INSER.

INITIAL POWER (MW) 0.1000E'04
GUESSED FUEL TEMPT. IF) 500.0
GUESSED comitnr TEHPT.(F) 200.0

END OF INPUT DATA

END TIME
8.000

TIME INCREMENT
0.0100

CONVERGENCE FACTOR'=
.

0.01000

FUEL HEIGHT
( FT )

12.00

T

.3



O

EQJIL181111.16 STATE 1NiTIALLY
************14.********4!*****

-
-PDWER PRECURSOR
o.roou .04 0.8382E 06'

- 62

FUEL TEMPT. . COOLANT TEMPT. REACTIVITY
504.31 412.73 0.000.

*******44#**#444V4444.4.4.444.4.4.**2?************************************;$4.4.444.44*********
I

REYNOLDS A PRANDTL #

509503.6 1.0 0.042

COL8URN #s MASS FLOW
( L8/HR
0.1172E 09

HEAT TRANFER COEFF.
( 8111 /HR-F-FT**2 )

9044.7

NO
1 )

FUEL TEMP
(FI

TIME REACTIVITY
(SEC) " (S)

1"

MOO. TEMP EXIT TEMP
(F) (F)

POWER
(MW)
.

0

PRECURSOR
(MW)

FUEL COEFF. '

(17E)

1 0.000 . 0.00 0.1000E 04 0.8382E 06

504.31 412.73 425:47 0.4968E-06

2 0.046 . r 0.30 ,, 0.9345E 03 0.8381E 06

496.42 413.04 426.08 0.5008E-06

3 0.096 0.30 0.1373E 04 0.8379E OL

497.10 * 412.92 425.84 , 0.5004E-06

4 0.146 : 0.30 0.1420E 04 0.8391E 06

' 510.64 103.39 426.719 ' 0.4937E-06

,5 0.196 - ' 0.29 0.1422E 04 0.8404E 06

'521.65 413.88 427.76 0.4885E-06

6 0:246 0.29 0.1419E 04 0.8418,E 06

529.63 414.32 428.64 0.4848E-06

7 ' 0.29% 0.29 0.1416E 04 0.8431E 06

535.33. 414.71 429.42 0.4822E-06

8 ' 0.346 0.28. 0.1413E 04 0.8444E 06

. 539.41 415.06 430.12 0.4804E-06

9 0.396 0.28 0.1410E 04 0.8451E 06

542.34 415.37 430..74 0.4791E-06

10 . 0.446 '0.28 0.1408E 04 0.8470E 06

544.449 415.65 431.3 0 0;4782E-06

11 0.496 0.28 0.1406E 04 0.8483E 06

545.97 415.90 431.79 0.4775E-06

12 0.546 0.28 0.1404E 04 0.8496E 06

' 547.609 416.12 432.23 0.4770E-06

13 0.596 ! 0.28 0.1403e 04 0.8508E 06,

547.91 416.31 432.62 0.4766E-06

14 0.646 0.27 0.1403E 04 0.8521E 06

548.53 4113.49 432.97 0.47664e-06

15 0.696 0.27 0.1402E 04 0.8533E 06

549.01 416.64 433.29 0.4762E-06 .

16 . '0.746 0.27 0.1402E 04 0.8546E 06

r:
4

A



O
3

549.38
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416.78 .433.57 0.4760E-06
. 17 T.796 0.27 0.1402E 04 0.8558E 06

549.69 416.91 ' 433.82 . 0.4759E-06
18 0.846 0.27 ' 0.1402E 04 0.8570E 06

549.94 417.02 434.05 0.4758E-06
,19 0.896 0.27 0.1402E 04 0.8583E 06

550.17 417.13 434.26 0.4757E-06
20 ° 0.946 0.27 - 0.1403E 04 0.8595E 06

550.37 417.22 434.44 0.4756E-06
21 0.996 - 0.27 0.1403E 04 0.8607E 06

550.56 411..31 434.61 0.4755E-06
22 1.046 0.27. t 0.1404E 04 0.8619E06

550.74 417:38 434.76 0.4754E-06
23 1.096, -0.03 ' 0.1405E 04 0.8631E 06

550.91 ' 417.45 434.90 0.4753E-'06
24 1.146 -0.03 0.1011E 04 0.8643E 06

550.95 417.52 435.03 0.4753E-06
25 1.196 -0.03 0.9980E 03 0.8643E.06

539.15 417.05 434.10 0.4805E-06
26 1.246 -0.03 0.1000E 04 0.8642E 06

530.19 416.62 433.23 - 0.4845E-06
27 1.296 -0.03 0.1003E 04 0.8641E 06

523.75 416.23 - 432.46 0.4875E-06
28 1.346 -0.02 0.1005E 04 0.8640E 06

519.15 415.88 431.77° 0.4897E-06
29 1.396 -0.02 0.1007E 04 0.8639E 06

515.87 415.58 431.15 0.4912E-06
.

30
513.54

1.446 -0.02 0.1009E
415.30 430.60

04 ,0.8638E 06
0.4923E-06

31 1.496 -0.02
14

0.1011E 04 0.8617E 06
511.87 415.06 430.11 0.4931E-06

32 1.546 -0.02 0.1013E 04 0.8637E 06
510.67 414.84 429.68 0.4937E-06 ,

33 1.596 -0.01 ' 0:1014E 04 0.8636E 06
509.82 414.64 429.29

_
0.4941E-06

34 1.646 -0.01 0.1016E 04 0.8636E 06
509.20 414.47 428.95 ' 0.4944E-06

35 1.696 -0.01 0.1017E 04 0.8635E 06
508.76 414.32 428.64 0.4946E-06

36 '1.746 -0.01 , 0.1018E 04 . 0.8635E 06
508:43 414.18 428.37 0.4948E-06

37 1.796 -0.01 0.1019E 04 0.8634E 06
508.20 414.06 428.12 0.4949E-06.

38 1.846 -0.01 0.1020E 04 0.8634E 06 F
508.02 413.95 427.91 0.4950E-06

39 ,1.896 , -0.01 0.1021E 04 0.8634E 06
507.89 413.86 427.72 ' 0.051E-06

40 1.946 -0.01 0.1021E 04 0.8633E 06
507.79 413.77 427.55 , 0:4951E-06

....,

41 1.996 -0.01 0.1022E 04 0.8633E 06
507,71 413.70 427.39 0.4952E-06 .,

42 2.046 -0.01 0.1023E 04 0.8633E 06 .

507.66 413.63 427.26 0.4952E-06
43 2.096 -0.01 0.1023E 04 0.8632E 06

507.61 413.57 427.14 0.4952E-06
44 2.146 -0.01 '

0.1023E 04 0.8632E 06
507.57 413.52, 427.03 0.4952E-06

45 2.196 , -0.01 '0.1024E 04 0.8632E 06
507454 413.47 426.94. 0.4952E-06'

46 2.f46
c,

-0.01 0.1024E 04 0.8632E 06

141 7 4d



P.,

r.
a

.5

507.52 413.43

64

426.86, 0.4953E-06 .

47 2..296 -0.00 0.1025E 04 0.8632E 06
507.50 413.39 426.78 0.4953E-06

48 2.346 -0.00 0.1025E 04 0.8631E d6

597.48 413.35 426.71 0.4953E=06
2.396 -0.00 0.1025E 04 0.8631E 06

507.47 413.33 426.65 0.4953E-06
50 2.446 -0.00 0.1025E 04 0.8631E 06 .11

507.46 413.30 426.60 0.4953E-06
51 2.496 -0.00 4,.0.1025E 04 , 0.8631E 06

507.45 413.28 426.4 0.4953E-06
52' 2.546 -0.00 0.1026F-'04 0.8.631E 06

507.44 413.25 ,426.51 0.4963E-06
53 2.596 -0.00 041026E 04 .0.863LE 061,.

537.43 413.24 426.47 0.4953E-06
'54. 2.646 -0.00 0.1026E 04 0.8631E 06

507.42 413.22 426.44 0.4953E-06
55 2.696 -0.00 0.1026E 04 0.8631E 06 ".

507.41 .413.20 426.41 0.4953E-06

56 2.746 -0.00 0.6026E 04 0.8630E 06
507.41 413.19 426.38 0.4953E-06

57 2.796 0.1026E 04 0.8630E 06
507.40

.-0.00
413.18 426.36 0.4953E-06

58 2.846 -0%00 0.1026E 04 0.8630E 06
507.40 413.14 426.34 0.4953E-06

59 2.896 -0.00 0.1026E 04 048630E 06
507.39 413.16 426.32 0.4953E-06

60 2.946 -0.00 0.1026E 04 0.8630E 06
507.39 413.15 426.30 0.4953E-06

61 2.996 -0.00 0.1026E 04 0.8630E '06

'507.39 413.14 426.29 U.4953E-06
62 3.046 -0.00 0.,1027E 04 0.630E 06

507.38 413.14 426.28 0.4953E-06
63 3.096 -U.00 0.1027E 04 0.8630E 06

537.38 413.13 426.26 t, 0.4953E-06
64 3.146 -0.00 0.1027E 04 0.8630E 06

507.311 413.13 426.25 0.4953E-06
65 3.196 -0.00 0.1027E 04 4 0.8629E 06

07.38 413.12 426.24. 044953E-06
66 3.246 -0.00 0.1027E 04 0.8629E 06

507.37 413.12 426.24 0.4953E-06
67 3.296 -0.00 0.1027E J4 0.8629E 06

507.37 413.11 426..2A 0.4953E-06
68 3.346 -0.00 0.1627E 04 .0.8629E 06

507.37 413.11 - 426.22 0.4953E-06
69 3.396 -0:00 '0.1027E 04 0.8629E 06-

507.37 413.11 426.2.2 % 0.4953f-06
70 3.446 -0.00 0.1027E-04 0.8629E 06

507.36 413.11 426.21 0.4953E-06.
71 3.496 -0.00 0.1027E 04 0.8629E 06

507.36 413.10 426.21
v. 0.4953E-06

72 3.546 -0.00 0.1027E 04 0.8629E 06
507.36 419.10 426.20 0.4953E-06 i

73 3.596 -0.30 0.1027E 04 0.8629E 06
507.36 413.10 426.20 0.4953E-06 I

74 3.646 -0.30 0.1027E 04 0.8629E 06
507.36 - 413.10 426.20t, 0.4953E-06

,75 3.696 -0.00 0.1027E 04 0.8629E,206

507.36 413.10 426.18 0.4953E-06
76 3.746 0.1017E004 0.8628E 06'

(
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o 507.35 413.10 426.19 0.4953E-06

7 .3.796 -0.00 0.1027E 04 ' 0.8628E 06

507.35 413.09 426.19 0.4953E-06

78 3.846 -0.00 0.1027E 04 0.8628E 06

507.35 .413.09 426.19 0.4953E-06

79 3.896- -0.00 0.1027E 4 0.8628E 06

507.35 413.09 426.18 0 4953E -06

80 3.946 -0.00 0.1027E 04 0.8628E 06

507.35 413.09 426.18 0.4453E-06

81 3.996 ,-0.00 0.1027E 04 0.8628E 06

507.35 413.09 426.18 0.4953E-06

82 4.046 . -0.00 , 0.1027E 04 0.8628E 06

507.35 413.09 426.18 . 0.4953E -06

83 4.096 -0.00 0.1027E 04 0.8628E 06

507.34 413,09 426.18 0.4953E-06

84 4.146 -0.00 , 0.1027E-44 0.8628E 06

507.34 413.09 426.18 0.4953E-06

85 4.196 .-0.00 , 0.1027E 04 0.8628E 06

,5.07.34 413.09 '426.17 0.4953E-06

86 4.246 ;0.00 0.1027E. 04 0.8628E 06

507.34 . 413.04 426.17 0.4953E-06

87 4.296 -0.00 0.1027E 04 0.8627E 06

507.34 413.09 426.17 4 0.4953E-06 .

88 4.346 -0.00 0.1027E d4 0.8627E 06

507.34 413.09 426.17 0.4953E-06

89 4.396 -0.00' 0.1027E 04 0.8627E.06..

507.34 413.09 426.17 0.4953E-06
.

90 4.446 ' -0.00 0.1027E 04 / 0.8627E 06

507.34 ' ' 413.09 426.17 0.4953E -06

91 4.496 -0.00 0.1027E 04 0.8627E 06

507.34 413.09 426.17 0.4453E-06

92 4.546 -0.00 0.1027E14 t 0.8627E,06

507.33 413.09 426.17 0.4953E-06

93 4.596 -d.00 0.1027E 04 0.8627E 06

507.33 413.08 426.17 0.4953E-06

94 4.646 -0.00 .0.1027E 04 0.8627E 06

507.33 " 413.08 426.17 0.4953E-06

95 . 4.696 -0.00 0.1027E 04 0.8627E 06

, 507.33 414.08' 426.17 0.4953E-06
tit 96 4.74-6 -0.00- 0.1027E Q4 0.8627E 06

507.33 413.08 426.17 0.4953E-06
1 97 4.796 -0.00 0.1027E 04 0.8627E 06

501.33 413.08 426,17 0.4953E-06

98 4.846 -0.00 0.1027E 04 0.8627E 06

507.33 413.08 426.17 0.4953E-06

99 4.896 -0.00 A 0.1027E 04 0.8626E.06

507.33 413.08 426.17 0.4953E-06

100 4.946 -0,00 0.1027E Q4 .. )3.8626E06

507.33 413.08 426.17 .0.4953E...06

101 4.996 -0.00. 0:1027E 04 . 0.8626E 46

507.32 413.08 426.17 0.4953E-06

102 5.046 -0.00 0.1027E 04 0.8626E 06

507'.32 413.08 426.17 0.4953E-06

103 5.096 -0.00 0.1027E 04 0.8626E 06

507.32 413.08 426.17 0..4953E...06 1

10.4 5.146 - ' -0.00 0.1027E 04 0.8626E 06

507.32 413.08 426.17 ° 0.4953E-06

4" 105 5.196 -0.00 Al).1027E 04 . 0.8626E 06

50/.32 , 413.08 426.17' 1).4953E-06

106, 5.246 -0.00 0.1027E 04 0.8626E 06

V.



- 66 -

507.32 413.08 426:17 00954E-06
107 5.296 "*.Q...00 0.1027E 04 0.8626E 06

507.32 413.08 426.17 0.4954E-06
108 5.346 -0.00 0.1027E 04 0.8626E 06

507.32 413.08 426.17 0.4954E-06
109 5.396 -0.00 0.1027E 04 ' 0.8626E-06

507.32 413.08 '426.17 0.4951E706
110 5.446 -0.00 0.1027E 04 0.8625E 06

507.32 413.08 426.17 0.4954E-06
111, 5.496 -0.00 0.1026E 04 0.8625E 06

507.31 413.08 426.17 0.4954E-06
112 5.546 -0.00 0.1026E 04 0.8625E 06

507.31 413.08 426.17 0.4954E-06
113 5.596 -0.ob 0.1026E 04 0.8625E 06

507.31 413.08 426.16
. 0.4954E-06

114 5.646 -0,00 0.1026E 04 0.8625E 06
507.31W 413,08 426.16 0.4954E706

115 5.696 -0.00 0.1026E 04 0.8625E 06
507.31 413.08 426.16 0.4954E-06

116 5.746 -0.00 0.1026E 04 ' 0.8625E 06
507.31 1113.08 426.16 0.4954E-06

117 5.796 -0.00 0.1026E 04 0.8625.E 06
507.31 413.08 426,16 0.4954E-06

118 5.846 -0.00 0.1026E 04 0.8625E 06
507.31 413.08 426.16 0.4954E-06

119 5.896 -.0:00 0.1026E 04 0.8625E.06
507.31 413.08 426.16 0.4954E-06

120 0.1026E 04 0.8625E 06
507.30 413.08 426.16 0.4954E-06

121 5.996 '' -0.00 0.1026E 04 0.8625E406
413.08 426.16 0.4954E-06 f.507.30

122
507.30

6.046 -0.00
413.08 426.16

0.1026E 04 0.8624E 06
0.4954E-06 .

4
123 6:096 -0.00 0.1026E 04 0.8624E 06

507.30 413.08 426.16 $ 0.4954E-06
124 6.146 -0.00 0.1026E 04 0.8624E06

507.30 413.08 426.16 0.4954E46
:- 125 6.196 -0.00 0.1026E 04 0.8624E 06

507.30 '413.'08 426.16 0.4954E-06 '

126 6.246. -0.00 0.1026E 04 0.8624E'04
507.30 413.08 426.16 0.4954E-06

127 . 6.296 -0.00 0.1026E 04 0.8624E 06
507.30 413.08 426.16 0.4954E -06

128 6.346 -0.00 0.1026E 04 0.8624E 06
507.30 413.08 -426.16' ,0.4954E-06

129 6.396 -0.00 0.1026E 04 0.8624E 06
507.30 413.08 426.16 0.4954E-06

130 6.446 -0.00 0.1026E 04 0.8624E 06
507.29 413.08 426.16 0.4954E-06

131 .. 6.496 -0.00. 0.1026E 04 0.86a4E 06
507.29 413.08 . 426.16 0.4954E-06

132" 6.546 -0.00 001026E 04 0.8024E 06
507.29 413.08 426.16 0.4954E-06

133 6.596 -0.00 0.1026E 04 0.8624E 06
507.29 413.08 426.16 0.4954E-06

134 6.646 -0.00 0.1026E 04 0.8623E 06.
507.29 413.08 426.16 - 0.4954E -06

135 1 6.696 -0.00 0.1026E 04 . 0.8623E 06
507.29 413.08 426.16 0.4954E-06

136 6.746 , -0.00 0.1026E 04 0.8623E 06

144
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413.08 426.16 0.4954E-06
131 6.796 -0.00 '0.1026E 04 '0.8623E 06

507.29 413.08 426.16% 0.4954E-06
138 6.846 -0.00 0.1026E 04 0.8623E 06

507.29 413.08 426.16 0.4954E-06
139 6.896 -0.00 0.1026E 04 0.8623E 06

507.28 413.08 426.16 0.4954E-06
140 6.946 -0.00 0.1626E 04, 0.8623E 06,

507.28 413.08 426.16 0.4954E-06
6.996 0.1026E 04 *0:8623E 06'.141

507.28 413.08 426.16 0.4954E-06
142 7.046 -0.00 0.1026E 04 7 0.8623E 06

137.28 413.08 426.16 0.4954E-06
143 7.096 -0.00 0.1026E 04 0.8623E '06

507.28 413%08 426.16 °-0.4954E-06
144 7.146 -0.00 0.1026E 04 0.8623E 06

507.28 413.08 426.16' 0.4954E-06
145 -0.00 04 0.8623E 06-0..1026E

43.08 426.16, 0.4954E-06507..28

146 7.246 \'`' -0.00 0.1026E 04 0.8622E 06
507.28 413.08 426.16 0.4954E-06

147 7.296 -0.00 0.1026E 04 0.8622E 06
507.28 413.08 426.16 0.4154E-06

148 7.346 -0.00 0.'1026E 04 0.8622E 06
507.28 413.08 426:16 0.4954E-06

149 7.396 -0.00 0.1026E 04 0.8622E 06
507.27 413.08 426.16 '0.4954E-06

150 7.446 -0.00 0.1026E 04 0.8622E 06
507.27 413:08 426.16 0.4954E-06

151 7.496 -0.00 '0.1026E 04 0.8622E 06
507.27 413.08 426.16 0.4954E-06

152 7.546
,.

-0.0A 0.1026E 04_ 0.8622E 06
507.27 413.08 426.15 0.4954E-06

153 7.596 -0.00 0.1026E 04 0.862ZE 06
.` 507.27 .413.08 426.15.. 0.4954E-04

154 7.646 -1400 0.1026E 04 0.8622E 06
507.27 413.08 426.15 0.4954E-06 0

155 7.696 70.00 0.1026E 04 0.8622E 06
507.27 413.08 426.15 0.4954E-06

' 156 7.746 -0.00-- 0.1026E,04 0.8622E 06
507.27 413.08 426.15 0.4954E-06

. .

157 7.796 -0.00 0.1026E 04 0.8622E 06.

507.27 413.08 426.15 0.4954E -06
158 7.846 -0.00 0.1026E. 04 0.8621E 06

507.2.7 413.08 426.15 0.4954E-06
159 7.896 -0.00 0.1026E 04 0.8621E 06

507.26 * 413.08' 426.15 0.4954E-06,
160 7.946 -0.00 0.1026E 04 0.8621E 06

507.26 413.08 426.15 0.4254E-06
161 47.996 0.1026E 04 -0.8621E 06

507.26 413.07 426.15 0.4954E-04
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TIME 0:000
TIME 0.046
TIME 0.096
TIME 0.146
TIME 0.196
TIME 0.246
TIME 0.296
TIME 0.346
TIME 0.396
TIME 0.446
TIME 0.496
TIME 0.546
TIME 0.596
TIME 0.646
TIM'S 0.696
TIME 0.746
TIME 0.796
TIME 0.846
TIME 0.896
TOE 0.946

or TIME 0.996
TIME 1.046
TIME 1.096
TIME 1.146

,,TIME 1.196
TIME 1.246
TIME .1.296'R
TIME 1'4'346 R

. TIME 1.396 I R

TIME 1.446 R

TIME 1.496 R

TIME 1.546
TIME 1.596
TIME 1.646
TIME 1.696
TIME 1.746
TIME .1.796
TIME 1.846
TIME 1.896.)
TIME 1.946'
TIME 1.996
TIME 2.046
TIME. 2.096

'TIME 2.146
TIME 2.196'
TIME 2.246
TIME '2.296
TIME '2.346
TIME 2.396
TIME 2.446
TIME 2.496
TIME 2.546
TIME 2.596
!LIME 2.646
1aME 2.696

- TIME 2.746 ,

' 0.1

R

R
R
R.

R a

,R

R
R
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RELATIVE DENSITY
0.2 0.3 : 0.4 0.5 0.6 0.7 0.8 0.9,

, .

F 'OM'
F L QRI
F PQMR

:4 F QRI

A
F QRL

4. FRM
RM

RFM
RQF

.

rR
OF

R QF
R QF

R F

R F

R F

0 F

R F

R. F

R F

R F

R F

R F

L

P. LFM
F'M
F M

FL M
:FL M
F L M
F L M
F L M
F L M

P.. F L M
P F L M

t. P`" F L M
F L M
F L M
F L M
F L M

P, F L M
F L M
F L. M
F L M

p
F L M
F L M
F L M
F L M
F L M

p
F L M 11

F L M
F L

P. F L M
F L M
F I M

146
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TIME 2.796
TIME 2.846
TIME 2.896
TIME 2.946
TIME 2.996
TIME 3.046
TIME 3.096
TIME 3.146
TIME 3.196
TIME 3.246
TIME 3.296
TIME 3.346
TIME 3.396
TIME 3.046
TIME 3.496
TIME 3.546
TIME 3.596
.-TIME 3.646
TIME 3.696
TIME 3.746
TIME 3.796
TIME---3.846
TIME 3.896
TIME 3.946
TIME 3.996
TIME 4.046
TIME '4.096
TIME 4.146
TIME,. 4.196
TIME 4.2116

TIME 4.296
TIME 4.346
TIME 4.396
TIME '4.446
TIME 4.496
TIME 4.546
TIME 4.596
TIME 4.646
TIME 4.696
TIME 4.746
TIME 4.796
TIME 4.846
TIME 4.896
TIME 4.946
TIME 4.996
TIME 5.)46
TIME 5.096
TIME 5.146
TIME 5.196
TINE 5.246
TIME 5.296
TIME 5.346
TIME 5.396
TIME 5.446
TIME 5.4,96
TIME ,5.546
TIME 5.596
TIME 5.646
TIME - 5.696
TIME 5.746

R

R

R .

R
R
R

R

R
R

R

R
R

R

R

R

R

R

R

R

R

R
R

R

R

R

R:

R

R

R

R

R

R .

A
R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R,
R

R

R

R

R

R

v""
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F L M
F L M
F L m

F L M
F L M
F L M
F L M
F L M
F L M
F L M

AFLM
F L M
F L M
F L M
F L M
F L M
F L M
F L M
F L
F L M
F L M
F L M
F L M
F L M
F L M
F L M
F L M
F L M
F L M
F L M
F L M
F L M
F L'M
F L M
F L M
F L M
F L M
F L M
F L M
F L M
F L M
F L M

P F L M
F L M
F L M

P ,,F L M
F L M
F L M
F M
F L M
P L M
F L M
F L M
F L

L M
-----F.L-M

F L M
F L M
F L M
F L M

'40
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JIME 5.796 R P F L M

!TIME 5.846 R P F L M

TIME 5.d96 R , P F L M

TIME 5:946 R P F L M

TIME 5.996 R P F L M

TIME 6.046 R P F L M

TIME 6:096 R P F L M

TIME 6.146 R P F L M

TIME 6.196 R P F L M %I.

TIME 6.246 R .
P F L M

TIME 6.296 P I s
P F L M

TINE 6.346 R P F L M

TIME 6.396 R P F L M

'TM 6.446 ' R
P F L M

TIME 6.496 R P F L M

TIME 6.546 . R P F L M

TIME 6.596. R P F L M

TIME 6.646 R P F L M

TIME 6.696 R P F L M

TIME 6.746 R P
2-

F L M

TIME 6.796 R P F. L M

TIME 6.846 R P F L M

TIME 6.896 R P F L M

TIME 6.946 RPe.
F L M

AIME 6.996 1 R . 1 P F L M

TIME 7.046 R P F L\ M

TIME 7.096 R P F L M

TIME 7.146 R P F I M

TIME 7.196 I*
. P F It M

TIME 7.246. R' P F L M

TIME 7.296 R -P F L M

TIME 7.346 R P F L M

TIME 7.396 R P F I M

TIME 7.446 R 6 P F L M

TIME 7.496" R P F L M

TIME 7.546 R
..,

P F L M

TIME 7.596 R P F L M

TIME 7.646 R P F L M

TIME 7.696 .-,R
4e F L M

TIME 7.146 R P' F L M

TIME 7.796 R' P FL M
TIME 7.846 R P F L M

TIME 7.896 R P ; F L M

TIME 7.946 R k ;
P . F L M

TIME 7.996 R P ' F L M
4--- . .1.-. 4- 4 4

o.r 0.2 5.3 6.4 0.5 0.6 0.7 0.8 0.9

INPUT CHARACTER I*0 FRPILM

P - POWER
L - LOG. OF POWER
0 - PRECURSOR DENSITY
F - ,FUEk TEMPERATURE
M - MODERATWTEMPERATURE
R - REACTIVITY
IF 'VARIABLE PLOTTED HAS NEGATIVE VALUE THE
AXIS FOR THIS VARIABLE IS SHIFTED TO THE
CENTER OF Y-AXIS
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